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ABSTRACT
Finding sustainable ways to create complex, sequence-defined polymers is
essential for future advances in the fields of medicine, electronics, and energy. Thus,
inspired by how nature builds functional macromolecules, this account aims to discover
catalysts, which will facilitate the accurate replication of synthetic nanoscale structures. In
this regard, the comprehensive sight of the work described within this dissertation is to
resolve the following fundamental questions: i) How to generate large, preorganized
macromolecules which can behave as supramolecular hosts to tune the properties of
molecules present in the vicinity of them? ii) What shapes do sequence-defined
oligomers/polymers adopt in solution under various conditions? In what ways can local
polymer conformations be manipulated by binding to supramolecular hosts? iii) Can we
exploit the folding behavior of these polymers as a powerful tool to provide selective
reactivity at the nanoscale and enhance the replication accuracy? Various synthetic
approaches leading to the successful precise manufacturing of synthetic macromolecules
including molecular strips, large macrocycles and porous cages are described. A significant
portion of my PhD research was also focused on the framework of selective catalysis for
polymers functionalization and replication; a unique concept which hasn’t been reported
previously.
Selective catalysis at the molecular scale represents a cornerstone of chemical
synthesis. However, it still remains an open question how to elevate tunable catalysis to
larger length-scales, where nanoscale structures (e.g. whole polymer chains) act as the
substrates and get functionalized in a selective manner. The efficient synthesis of a
hydrazone-linked tetrahedron with large opening, which acts as a catalyst to sizeselectively functionalize polydisperse polymer-mixtures is described in details.
Experimental and computational evidence are provided to support a dual catalytic effect
exerted by the molecular tetrahedron, which (i) helps to unfold the polymer substrates and
(ii) exposes the amino groups on the polymeric side chains to the 12 triglyme units of the
tetrahedron to accelerate aminolysis. I was able to demonstrate complete reversal of the
intrinsic size-selectivity for polymer functionalization with our tetrahedral cage as the
catalyst. This finding enable the possibility to engineer hydrolytically stable molecular
polyhedra as organocatalysts for size- and future site-selective, post-synthetic polymer
modification (inspired by post-translational protein modification).
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CHAPTER 1. FROM MACROMOLECULAR STRUCTURES AND THEIR
ESSENCE IN LIFE TO ADVANCED SYNTHETIC APPLICATIONS

1.1. The Bigger Picture of this Dissertation
Supported by millions of years of evolution, living organisms became able to
create sequence defined polymers from preexisting templates.1 These structures fold into
well-defined shapes with functions still surpassing in many ways the capabilities of manmade materials. Prompted by nature, over the last decade, nucleic acid templated synthesis
of non-biological molecules have been developed by using DNA or RNA hybridization to
create sequence-defined polymers.2-5 However, most of these advanced synthetic
techniques2, 6 are performed in nM reactant concentration in aqueous solvents which limits
the scale of the reactions as well as the scope of the monomers applied.

Figure 1.1. Template-directed polymer synthesis. a) With protein machinery involved in DNA
replication (visually enhanced cryo-EM image adapted from ref. 10 b) Of a flexible polymer chain
without a catalyst. c) With a solid support.

1

Figure 1.2 a) Recognition of stacks of polymer functionalized perylene dyes with molecular
strips. b) Template-directed polymer synthesis with the organocatalyst described in chapter
4.

Another approach to create well-defined polymers is to attach the template strand
to a solid support5, 7-8 where the template can be a non-nucleotide; such amplification
schemes can lead to linear growth of the amount of daughter material9 with every
replication round. Linear growth is slow, however, especially if only small amounts of the
pure template are available initially (Figure 1.1c).
Exponential amplification is, of course, possible in the case of DNA, thanks to
sophisticated protein complexes (Figure 1.1a)10 – which help to separate the two
complementary, hybridized DNA strands locally during replication. Enabling analogous
supramolecular processes with synthetic polymers, in the absence of replication enzymes,
is still very challenging, however. Not just because of limited replication accuracy in the
2

case of flexible systems (Figure 1.1b), but also because the daughter strands, formed after
the first replication round, bind very strongly to their templates and thus inhibit further
replication. With flexible polymer chains, which readily coil up, non-neighboring
recognition groups can get close in space, leading (Figure 1.1b) to potential replication
errors. It is thus anticipated, that the more flexible a polymer chain is, the more challenging
it becomes to accurately replicate it in the absence of a catalyst. Ideally, the catalyst should
possess cavities large enough so that the polymeric substrates can thread through the
openings while fused with catalytic groups.
To achieve this fundamental objective, the Schneebeli research group has invented
chirality-assisted synthesis (CAS) in 2015 which represents a means to create large, Cshaped molecular strips11 as single stereoisomers. In 2016, I have demonstrated that Cshaped molecular strips can accommodate stacks of perylene dyes with long polymer
chains (Figure 1.2a)12 inside their cavities which specific binding events could be predicted
and understood readily with the help of computational modeling. We anticipate that unique
features of molecular strips (illustrated in chapter 2) will be of great help in designing
catalytic systems capable of embracing and copying polymers.
Beside the molecular strips, the majority of my PhD work provided the foundation
to bring selective catalysis to nanoscale substrates using porous organic cages, as described
in chapter 4. Our results show that man-made catalysts with large openings are able to
distinguish between many nanoscale substrates (polymer chains of different lengths) in a
polydisperse mixture, while functionalizing them selectively. Our experimental and
computational data demonstrated an increase in polymer size upon binding to the cage
which is caused by unfolding of the polymer, when it threads through the cavity. We
3

proposed that the observed polymer-unfolding is driven by the cage breaking up the
intramolecular hydrogen bonds in the polymer, and replacing them with polymer-to-cage
hydrogen bonds. This makes our cage a great candidate to wrap around local sections of a
polymer strand during replication to stiffen the template strands and, at the same time,
sterically protect the replication processes from crossover errors (Figure 1.2b).
We have performed initial replications of cyclic systems, as described in chapter
5. In the future, the Schneebeli group will expand this concept to the replication of linear
polymers by accurate design of the catalytic moieties to acquire the most efficient
replication and accuracy. In this chapter, we focus on the previously developed strategies
to generate macromolecules with cavities large enough to accommodate relatively small
molecules inside of them, along with some elegant applications of these systems.

1.2. Template-Directed Synthesis of Cyclic Macromolecules

In nature, the genetic information stored in DNA is transferred to mRNA during
transcription. This sophisticated process, which is central to life, exploits DNA strands as
templates to synthesize the complementary mRNAs catalyzed by RNA polymerase.
Inspired by this phenomenon, template-directed strategies have been expanded
significantly as a powerful tool to fabricate synthetically challenging structures13-14 and/or
to replicate them.15 To specify the structure of the molecules in template-directed synthesis
of macromolecules, the substrates pre-organize in desired direction via implementation of
a carefully designed template. The shape and orientation is transferred from the template
to the substrates via supramolecular interactions or, in rare cases, covalent bonds
4

connecting the two partners together. I have applied this innovative approach to assemble
biphenyl type monomers via ring closing metathesis – an efficient reversible coupling
method – to create cyclic oligomers in high yields and replicate them in regioselective
manner as described in chapter 5. In this section, a brief summary of the development of
template-directed synthesis in the past couple of decades is demonstrated.

Scheme 1.1. Template directed synthesis of interlocked molecules via Cu+ as the template.1

One of the first examples of template-directed synthesis dates back to the synthesis
of interlocked structures in 19831 by applying copper ions to direct the orientation of the
substrates and lock them in place (Scheme 1.1). It has been observed that the complex
remains templated even after heating in DMF (confirmed by a crystal structure). Lastly,
the copper template can be removed in aqueous KCN solution. Since then, several
template-driven methods utilizing transition metals templates have been reported.16
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In addition to metal templates, the implementation of recognition groups including
crown ethers containing π–electron-rich aromatic moieties on the template and their hostguest interactions with electron deficient moieties on the substrate (e.g. viologen) have
been extensively exploited for the fabrication of numerous sophisticated interlocked
structures.16-18 This concept is the principle of molecular machines envisioned by JeanPierre Sauvage, J. Fraser Stoddart, and Ben L. Feringa (Noble prize winners in 2016).

Figure 1.3. Matalloporphyrin nanorings synthesized via a template-directed approach.19-20

In addition, template-directed strategies have made it feasible to link multiple
porphyrins together to acquire sophisticated metalloporphyrin nanorings.19-20 This has been
accomplished via coordination interactions between the template and the zinc metals in the
center of the porphyrin monomers to fix them in space. Figure 1.3 demonstrates an example
of the template-directed formation of a 10-porphyrin ring by using a hexapyridyl ligand as
6

the template and Grubb’s 2nd generation to link the porphyrin monomers through ring
closing metathesis (RCM). Replacing the hexapyridyl ligand with other templates provides
numerous large single and doubly-linked porphyrin nanorings and cages which possess a
variety of electrochemical and photophysical properties in addition to the potential to
encapsulate large molecules including C60 inside of their voids.21 However, removal of the
zinc metal from the porphyrins adds an extra synthetic step and normally reduces the
overall yield due to its strong coordination interactions with the pyridyl nitrogens.
Despite the tremendous progress toward the creation of pre-determined
macromolecules, template-directed approaches still suffer from low yields of the
assemblies and the formation of a mixture of compounds (discussed in more details in
chapter 5). Furthermore, in a majority of the previous attempts, there is a non-covalent
interaction between the templates and the substrates, which can limit the scope of the
functional groups and introduces special requirements for the attachment of recognition
groups on the templates and substrates. We have developed a novel templated strategy for
the synthesis as well as replication of cyclic oligomers which is based on readily cleavable
covalent bonds holding the templates and the substrates together as discussed in chapter 5.
Our approach overcomes the issues stemming from the strong interactions between the
partners as in the case of porphyrins.
1.3. Recent Approaches Toward the Creation of Porous Materials
1.3.1. Overview
Arranging macromolecules into well-defined mesoscale assemblies represent a critical
skill for living organisms.22 The high complexity in biological systems arises from the
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deliberate manner that 3D building blocks (including peptides, glycosides, etc) preorganize
to form intermolecular interactions. These building blocks are glued together mainly by
weak, noncovalent interactions such as hydrogen bonding, hydrophilic and hydrophobic
interactions, etc. to achieve their optimal configurations. In particular, the structural
signatures of the binding pockets in enzymes are evolved in a manner that provides for
efficient transition-state-recognition for selective chemical reactions. For decades,
biomimetic chemists seeking to engineer novel materials with exceptional functionality
have been intrigued by the fascinating properties of biological systems. There has been a
notable endeavor toward the synthesis of porous molecular architectures with tunable
shapes, cavity sizes and chemical properties, which can potentially resemble the naturally
occurring schemes.
However, an ideal man-made enzyme should have a cavity large enough to
accommodate molecules inside while it also has the ability to represent selectivity and
stability at operation conditions. To date, a wide range of porous discrete (e.g. cages) and
non-discrete architectures assembled together with covalent or non-covalent linkages have
been reported.23-24 The porosity of these materials represents applications ranging all the
way from catalysis and selective recognition and separation of small molecules, gas
absorption, and electronics. During my PhD, I have attempted to shed light onto some
fundamental questions in regard to modern synthetic approaches to fabricate practical
porous materials: Specifically, I focused on the following questions: i) How can we
generate sophisticated organic molecules efficiently in the least number of steps? ii) What
are the promising functions of the obtained nanostructures? In this chapter, an overview of
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some of the recent approaches toward the synthesis of porous macromolecules applicable
in numerous functions, is addressed.
1.3.2. Dynamic Covalent Chemistry

Scheme 1.2. Reversible bond formation with alkyne metathesis leads to formation of cyclic
hexamers.30

The synthesis of porous nanomaterials has been carried out following two
different strategies, operating under either kinetic or thermodynamic control. Under kinetic
control, the irreversible coupling of building blocks potentially allows for enhanced
synthetic flexibility compared to thermodynamic control. However, irreversible linkages
do not maintain the ability of dynamic bonds to equilibrate back to the correct connectivity,
once formed in the wrong position. Low yields of the desired cages25 have thus often been
the result of such kinetically controlled process. On the other hand, in thermodynamically
controlled endeavor, the reaction equilibrates towards the global minimum,26 so stable
products in high yield can be obtained via error-correcting. Dynamic Covalent Chemistry
(DCC)27 is a viable synthetic approach which provides access to hierarchical
supramolecules via reversible bond formation.28,29 Scheme 1.2 depicts a good example of
9

a thermodynamically controlled approach which favors the formation of the most stable
cyclic hexamer 1.9 over linear polymers via alkyne metathesis of monomer 1.8.30 However,
despite being a versatile supramolecular platform, the number of practical DCC reactions
is still limited. The major DCC reactions applied for the creation of supramolecular
assemblies31,32 include: imine condensation, ester formation, disulfide exchange,
hydrazone condensation, boronic acid formation, olefin metathesis (Table 1.1), and metalligand coordination. Among all of these reversible reactions, metal-ligand coordination has
been utilized broadly to precisely direct the shape and pore sizes of hybrid coordination
complexes including metal organic frameworks (MOFs) and metallaballs. However, there
are still significant limitations with these systems as mentioned later in this chapter.
1.3.3. Networked Construction
In the past decade, DCC strategy has been extended significantly to the synthesis
of hierarchically porous solids in 2D and 3D.33 Due to their porosity,34-35 large surface area,
and tunable functionalities presented by these crystalline frameworks, they have found
wide applications in gas absorption,36 small molecule recognition, catalysis, and sensing.
Table 1.1. List of dynamic covalent bonds.33

Hydrazone formation

Imine condensation
R1

CHO

NH 2

R2

R1

N

R2

O
H 2O

R1

CHO

R2

Ester formation/exchange

O

H+

R2

HO R 3

R1

O

R3

HO

HO

R2

B
R

OH

S

S

R2

R3

S

S

R4

Δ or hν
R1

S

S

R4

HO

Δ

O
R2

N
H

N

R1

O
R B

H 2O

O

HO

Disulfide exchange

R1

NH 2 acid or base

Boronic acid condensation

O

O
R1

N
H

Olefin metathesis
R3

S

S

R2

R1
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R2

R3

Grubbs
catalyst
R4

R1

R4

R3

R2

MOFs – first introduced in 1995 – consisting of metal ions linked together via organic
linkers (hybrids of organic and inorganic components) have been extensively studied by
Omar Yaghi. Since 1995, over 20,000 different MOFs have been synthesized with crystal
sizes larger than 90 nm.35 The gas absorption and selective binding process in MOFs is
predominantly dependent on a combination of their pore size and affinity to a specific
molecule. Although metal corners can determine the stability and general framework of
these materials, the organic linkages dictate the pore size and the chemical properties of
the whole network. For this reason, there has been a long list of linkers developed within
the past decade. Furthermore, extension of the length and post-synthetic modification of
the overall structure represent the potential to tune the MOFs during or after the synthesis.
One fascinating aspect of MOFs is their ability to absorb carbon dioxide
reversibly. Carbon dioxide adsorption in MOFs was first reported in 199837 and the uptake
capacity of the MOFs over years has increased to 2437 mg/g at 50 bar38 which makes them
a promising candidate for gas storage.36
On the contrary, covalent organic frameworks (COFs) are the other class of the
porous crystalline solids, which is comprises entirely from organic building blocks.39-42
The exclusion of transition metals on the structure of COFs, eradicates the limitations
resulting from the use of expensive transition metals with correct coordination number in
MOFs while preserves their well-defined topologies.
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Scheme 1.3. Synthesis of networked constructions via imine condensation.44

Facile bond formation43 arising from the high reactivity of nitrogen lone pairs in
imine linkages makes them great candidates for the synthesis of all-organic structures like
COFs, cages, rings,26 etc. However, the crystallization problem in COFs hasn’t been solved
for years and it has been just recently that the first crystal structure of the COFs has been
achieved via adding an external inhibitor to slow down the coupling of the imine
condensation of 1.10 and 1.11.44 As Scheme1.3 illustrates, the reversible nature of imine
condensations conducts the equilibrium toward the formation of otherwise not accessible
networked COFs. Resolving the precise structures of COFs at the nanoscale opens the door
to enclose the specific orientation of guest molecules inside the openings. The π-electron
delocalization in planer COFs and incorporation of photoelectronic39 moieties like pyrene
and porphyrins further expands their applications in optoelectronics and photovoltaics,
which are often superior to those observed for metal-derived MOFs.

1.3.4. Discrete Porous Cages
Despite the wide potential of porous frameworks, most chemical reactions at the
12

molecular level takes place in solution. MOFs and COFs suffer from low solubility and the
requirement for precise control over the assembly of the layers in 2D or 3D to obtain the
optimal pore size. Furthermore, the conventional purification strategies including
chromatography can’t be applied to the networks. To overcome these issues encountered
by continuous solid networks, over the past few decades an ever-increasing number of
elaborate discrete cages with various functionalities have been developed.32,

45-48

Analogous to MOFs, coordination cages are composed of a combination of organic and
inorganic building blocks hold together with non-covalent metal-ligand interactions. Fujita
and Raymond49-51 have independently developed the notion “molecular flasks” as these
elegant discrete structures can accommodate small guest molecules inside their cavities
which is a requisite for catalysis. Since then, the attention has been shifted toward the
employment of the molecular flasks in recognition52 and selective inclusion of small
molecules and large macromolecules53 (e.g. proteins)54 in addition to gas storage, selective
catalysis, to mention a few.

The microenvironments of these cages act as a “miniature reaction vessel” which
by providing the vicinity of the reactants promote reactions including Diels-Alder
cycloadditions, aldol condensation, etc.55 What is more fascinating about discrete cages is
the regio-selectivity they can deliver through manipulating the intermediates of the
reactions. For instant, the hydrophobic cavity of Fujita’s organopalladium cages can direct
the Diels-Alder reaction toward nonconventional pathways.56 Without the cage, the
reaction occurs preferably on positions – 9 and 10 on anthracene to form 1.14. However,
the presence of a hydrophobic microenvironment, shifts the selectivity to the terminal
13

carbons (carbon 1 and 4 on anthracene) proceeds from the precisely fixed positions of the
substrates and lack of freedom of motion to obtain 1.16 in >98 %yield.

Scheme 1.4. Diels-Alder reaction on anthracene molecules with and without the presence of
Fujita’s cage. The scheme illustrates how the packed structure of the intermediate inside the
cavity can alter the reactivity from traditional positions 9,10 to 1,4.56

To date, various synthetic approaches leading to engineering of metal-organic
cages with various architectures have been developed by merely adjusting the metals and
ligands. Nevertheless, the metal vertices of these cages can be replaced with concave
organic molecules to avoid the toxicity transition metals represents in biological systems
and provide more flexibility in functional groups and doping additives. Organic cages
composed of all organic building blocks are much rarer due to synthetic challenges in
designing adequate vertices and linkers with precise directionality.57 One of the first studies
on porous organic cages and their employment for gas absorption was reported in 200958
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by Cooper and coworkers. Stimulated by Cooper’s effort on the synthesis of organic cages
derived by imine condensation, a handful of examples of imine based cages has been
exploited so far.57 Specifically, these cages display the unique ability to distinguish
between two structurally close small molecules and separate them.59 For instant, in 201360
it has been shown that Cage 1.19 can be applied in solid state separation of two structural
isomers “mesitylene (Mes)” and “4-ethyltoluene (4-ET)”. The Cage 1.19 is created by
imine condensation of trialdehydes 1.18 and 1,2 diamines 1.17 in 83% yield (Figure 1.4a).
The binding properties of the two partners with 1.19 were initially examined in solution
and were correlated to the solid state subsequently.
The observed selectivity was inferred from the rejection of mesitylene vapor from
cage 1.19 crystals and complete exclusion of the cage crystals from mesitylene molecules.
This stems from the size dissimilarities between mesitylene guest and the cavity of the cage
which prohibits it from diffusing through its channels in the solid state. On the other hand,
the linear geometry of 4-ethyltoluene allows it to pass through the crystal channels
perfectly. Other isomers illustrated on Figure 1.4b are in between the two mentioned
isomers. Recently, computational designs have been integrated with experimental
extensively to envisage the architecture and chemical behavior of the desired products
including porosity and solvent effects. This elaborate approach led to the successful
synthesis of more than 30 new imine cages in 2018. 61
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Figure 1.4. a) Synthesis of imine cage 1.19 by condensation of trialdehyde 1.18 and diamine
1.17. b) Comparison of the cage 1.19 crystal’s uptake of various isomers of mesyitylene in
gas phase. Mes: mesitylene; 4-ET: 4-ethyltoluene; 3-ET: 3-ethyltoluene; 2-ET: 2ethyltoluene.58

However, owing to intrinsic reversibility of imine bonds and high electrophilicity of
carbon in C=N bonds, these cages suffer from chemical instability which limits their
performance (chapter 4). To overcome this issue, rare examples of non-imine linked
organic cages have been created via condensation of boronic esters,32 alkyne metathesis62
and hydrazone formation.63-64 Yet, the development of a fairly stable porous organic cage
composed of all organic building blocks is still in its infancy. The main focus of this
dissertation is the development of a modular synthetic approach for the creation of a porous
cage with large opening along with elevated stability and affinity for guest molecules.
Hydrazone bonds are robust relative to imine bonds due to delocalization of the lone pair
16

of the nitrogen atom adjacent to the C=N bond which makes the carbon less susceptible to
electrophilic attacks. The hydrazone cage I have developed comprises concave vertices
synthesized in large scale from solid state heating of atropisomers (as is discussed in
chapter 3) it possesses large openings (around 2 nm in diameter). The potential of our new
cage to distinguish between many nanoscale substrates (polymer chains of different
lengths) in a polydisperse mixtures, while functionalizing them selectively is described in
chapter 4.
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CHAPTER 2. C-SHAPED POLYAROMATIC STRIPS AND THEIR
SUPRAMOLECULAR PROPERTIES

2.1. Introductory to Chirality-Assisted Synthesis (CAS)
Chirality-assisted synthesis (CAS) was introduced in 201511 as a new tool to control
macromolecular shape in a programmable fashion.65 Over the last four years, a variety of
applications of CAS have been discovered by several research groups to form
enantiomerically pure molecular strips,11 helices,66 shape-defined molecular claws67 and
large hydrogen-bonded capsules68 with a wide range of applications. CAS employs chiral
building blocks to assemble 3D molecular strips with predictable geometries. In general, a
CAS monomer is defined as a shape-defined chiral building block, which forms at least
two new bonds with another monomer in a regio- and stereospecific fashion with a welldefined linkage geometry. As Figure 2.1 illustrates,11 if we couple a mixture of achiral

Figure 2.1. Illustrating the enhanced shape-control abilities chirality-assisted synthesis (CAS)
offers for polyaromatic phenazine strips. a) With achiral building blocks, a mixture of syn- and
anti-products results. b) CAS with chiral building blocks leads to only a single product, which
is syn in the example shown. However, the selectivity can be switched to anti by changing the
chirality of one of the monomers. Reproduced with permission from reference 11.
11
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building blocks, a mixture of syn- and anti-products results. However, CAS with chiral
building blocks leads to only a single product, which is syn in the example shown. This
unique programmability aspect is what sets CAS apart from complementary methods (e.g.
alternating exo /endo selective Diels Alder reactions69 that can be used to control the shapes
of the resulting molecular structures).
In its prototypical version, CAS couples chiral monomers with o-bromo-aniline
functionalities together in a stereospecific manner. A Pd catalyst with SPhos or RuPhos as
the ligand is generally employed for these double amination reactions. One of the largest
C-shaped molecular strips have been created to date using this approach as discussed
briefly in next section.
2.2. CAS-Directed Synthesis of Molecular Strips
C-shaped molecular strips11 and belts70 have found extensive use as molecular tweezers,71
e. g. to recognize carbon nanotubes of varying size selectively. However, creating Cshaped molecular strips with large internal cavities efficiently has proven challenging,
since mixtures of syn- and anti- stereoisomers are obtained (Figure 2.1) with traditional
coupling methods like o-dianiline/o-quionone condensations.72 As described in the
introduction, CAS now overcomes this fundamental synthetic challenge, which allowed
Schneebeli and coworkers to synthesize (Scheme 2.1) some of the largest C-shaped
molecular strips created to date with the help of CAS. This early CAS work showed that if
concave, enantiopure, monomeric, building blocks can be formed, then the desired
curvature and chirality of the overall C-shaped strip macrocycle is fully defined by the
chirality of the monomers. For the CAS growth, o-bromoaniline containing monomers
19

were synthesized, and the enantiomers were resolved with a unique diastereoselective
gelation methodology. Note that to precisely control the lengths of the CAS coupling
products, a tert-butyloxycarbonyl (Boc) protecting group to one of the amino groups of
(S,S)-2.1 is attached (Scheme 2.1). Regioselective electrophilic aromatic bromination with
N-bromosuccinimide (NBS) followed by Pd-catalyzed Buchwald Hartwig aminations then
led to the desired molecular strip 2.4.

Scheme 2.1. Chirality-assisted coupling of ortho-bromoanilines, leading to the Cshaped molecular strip 2.4. Chirality-assisted synthesis (CAS) is enabled by the use
of enantiopure starting materials to form only a single stereoisomer. RuPhos=2
dicyclohexylphosphino-2’,6’-diisopropoxybiphenyl. Reproduced with permission
from reference 11.
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2.3. Regulation of Supramolecular Interactions of Pillar[5]arenes with Guest Molecules
Each of the C-shaped strips formed with CAS contains a prominent chiral cavity, which is
also able to achieve supramolecular shape recognition. For example – based on NMR
evidence that I have obtained and all-atom molecular dynamics (MD) simulations – the
CAS-based strips were found to encircle (Figure 2.2) pillar[5]arene (P[5]) macrocycles.
Up to the tetrameric strip, we measured the association constants for the P[5]@C-shapedstrip complexes and have shown that the association constants increase consistently with
increasing lengths of the molecular strips. This finding is likely rooted in stronger π-π
stacking interactions being present between the hosts and the guest for longer strips.
Furthermore, the affinity of a third guest (e.g. viologen (VBr-1)) for the central cavity of
the P[5] ring increases, when a C-shaped strip 2.4 is bound to the perimeter of the P[5].

Figure 2.2. The binding of VBr-1 to the cavity of P[5] is modulated in a cooperative sense
by the molecular strips 2.4 embracing P[5]. The observed changes in the VBr-1@P[5]
association constants Ka1, Ka2, are illustrated by plotting the mean 1H-NMR (500 MHz,
CD3 CN/D2O (5:1, v/v), 298 K) chemical shift of the aromatic protons. Reproduced with
permission from reference 11.
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This observed cooperative binding interaction between the C-shaped strips, the
pillar[5]arene, and the viologen is likely caused by the C-shaped strip surrounding the P[5]
and changing its supramolecular properties. Our findings not only provide access to a new
synthetic method for precise nanoscale shape control, but also open the door to enhanced
supramolecular interactions, with traditional macrocyclic hosts becoming guests of even
larger preorganized materials. We are currently working towards the chirality-assisted
synthesis of general molecular strips, which may act as catalysts to site-selectively modify
man-made and biological polymers.
2.4. Controlled Self-Assembly Inside C-Shaped Polyaromatic Strips
2.4.1. Overview
Chirality-assisted synthesis (CAS) embodies a powerful strategy for the creation
of chiral molecules with well-defined shapes and large cavities. The main focus of the rest
of this chapter is to demonstrate the capacity of C-shaped molecular receptors created with
CAS to recognize the stacks of amphipathic perylenediimide (PDI) dyes in aqueous
mixture. Evidence from 1H-NMR titrations, DOSY NMR studies, and all-atom molecular
dynamics simulations indicates that – in the preferred supramolecular binding mode– such
polyaromatic strips specifically recognize stacked PDI dimers in solution. These results
represent a key step toward the controlled self-assembly of dye molecules inside cavities
of shape-persistent, polyaromatic strips.
2.4.2. Assembly of Amphiphilic Perylene Dyes in Solution
Being able to control the stacking interactions between organic dye molecules is
important for the creation of efficient solar cells,73-74 light-emitting diodes,75 and nonlinear
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optical materials.76 Of special interest is also the synthesis of chiral supramolecular
structures, which interact77-78 with circularly polarized light in a predictable fashion. In this
section, I thus present the dimerization of extended aromatic dyes inside the chiral cavities
of C-shaped molecular strips (mentioned on previous section), aiming to investigate how
large, shape-persistent receptors can regulate the supramolecular assembly of planar
aromatics.12
As mentioned in the previous chapter, with chirality-assisted synthesis (CAS),11 it has
recently become possible to isolate shape-persistent molecular strips with sizeable chiral
cavities as single enantiomers. CAS enabled this fundamental advance in molecular shape
control by encoding (Figure 2.1) the growth direction of bent molecular strips in the
chirality of enantiopure building blocks. The large, preorganized cavities of such CAS
strips were shown to feature new types of selective supramolecular recognition, for
example, by binding to the outside faces of pillar[5]arene macrocycles as described briefly
in previous section. Given these findings, we envisioned that chiral CAS strips might be
able to bind whole stacks of aromatic dye molecules inside their tunable cavities.
The search for suitable aromatic dyes to test this hypothesis was facilitated by
computer modeling, which indicates that stacked perylenediimide-derived dyes fit
comfortably into the cavity of the first-generation molecular CAS strip 2.4.
Perylenediimide (PDI) derivatives have emerged as prominent organic dyes, as most of
these molecules (i) possess high photostability and (ii) are readily accessible synthetically
from the inexpensive perylene-3,4,9,10-tetracarboxylic dianhydride – a key precursor of
commercial red paint. Furthermore, the large hydrophobic π system of the PDI core favors
controlled supramolecular aggregation and self-assembly as H or J aggregates.79-80 We
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started our investigations with the synthesis (Scheme 2.2) of the new, amphipathic PDI dye
2.7. The hydrophobic aromatic core of 2.7 was rendered soluble in both aqueous and
organic solvents by attaching two methoxylterminated polyethylene glycol chains to both
sides of the dye’s core. This objective was achieved in 75% yield by simply heating
perylene-3,4,9,10-tetracarboxylic

dianhydride

(2.5)

with

commercially

available

Scheme 2.2. Synthesis of the amphipathic PDI dye 2.7 (n ≈ 20).12

poly(ethylene glycol) methyl ether amine (2.6, Mn ≈ 1000 Da) in imidazole.

To first investigate the self-assembly behavior of the dye 2.7, we then recorded
the compound’s 1H-NMR spectrum at varying concentrations (0.3–5.9 mM) in a 4:1 v/v
CD3CN/D2O solution (see chapter 6). Consistent with previous reports – which showed
that amphipathic PDI derivatives self-assemble in aqueous environments due to
hydrophobic packing – we observed significant concentration-dependent shifts of aromatic
proton resonances of compound 2.7 and thus we made use of linear least squares fitting
with a 1:1 binding model to attain the association constant Ka(2.7@2.7) for 2.7@2.7 as
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2,800 ± 200 M–1.
From the DOSY-1H-NMR spectrum (Figure 2.6) of 2.7, the average diffusion
constant for the protons attached to 2.7 was found to lie close to 1.5x10–10 m2 s–1. By
applying the Stokes-Einstein equation this diffusion constant translates into a
hydrodynamic radius of ca. 2.9 nm, assuming a viscosity of 0.5x10–2 Poise for the CD3CN–
D2O (4:1 v/v) solvent mixture employed. This measured hydrodynamic radius is consistent
with the predominant association of 2.7 into a dimeric, supramolecular complex 2.7@2.7
likely prevails in the concentration range investigated (Figure 2.5a).
2.4.3. Recognition Perylene Dimers by Molecular Strips

Figure 2.3. Partial 1H-NMR spectra (500 MHz, 4:1 v/v CD3CN/D2O, 298 K) comparing the
chemical shifts of the aromatic protons of a) the pure strip 2.4, b) 2.4 mixed with the PDI
dye 2.7 in a 1:4 molar ratio, as well as c) pure 2.7 at the same concentration as in b).12
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Having confirmed the predominant formation of supramolecular, π–π-stacked
dimers of 2.7, we set out to investigate whether and how molecules of 2.7 can be stacked
inside the voluminous cavities of chiral molecular strips. Resorting to 1H-NMR analysis
once again, we titrated a 4:1 v/v CD3CN/D2O solution of the dye 2.7 into a solution of the
molecular strip 2.7 in the same solvent system. Prominent changes (Figure 2.3) in the
chemical shifts of all aromatic proton resonances were detected during these titration
experiments. This observation is indicative of supramolecular binding taking place
between the molecular strip 2.4 and stacks of the PDI dye 2.7. Upon binding of the guest,
the proton resonances a, b, c, and d all shift upfield. These 1H-NMR signals represent the
protons attached to the phenazine rings in the center of the molecular strip 2.4 On the
contrary, downfield shifts are observed for all proton resonances (e–g) symbolizing the
aromatic rings at the periphery of the strip 2.4. Well-known ring-current effects in aromatic
systems suggest that nuclei located above the aromatic planes of the dye 2.7 are likely to

Figure 2.4. Plot of the observed 1H-NMR chemical shifts (averages of a and b as well as c
and d proton signals of the strip 2.4) upon titration of 2.7 into a solution (4:1 v/v
CD3 CN/D2O) of 2.4 (0.83 mM initial concentration). Dotted lines represent nonlinear leastsquares fits to the data with an association constant of Ka(2.4@2.7@2.7) = 730 ± 70 M–1.12
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display shielded NMR resonances, while nuclei near the side of 2.7 are expected to be
deshielded. In light of this hypothesis, the observed changes in 1H-NMR chemical shifts
insinuate, that – when bound inside the cavity of the molecular strip 2.4 – the aromatic
guest molecules 2.7 likely spend most of their time with one of their π-faces stacked against
one of the central phenazine units of 2.4.
Linear least-squares fitting (Figure 2.4) to these concentration- dependent 1HNMR resonances offered an estimate for the binding strength between stacks of 2.7 and
the chiral molecular strip 2.4. For the fit, we assumed (Scheme 2.3) the formation of a
ternary complex 2.4@2.7@2.7, which is consistent (vide infra) with diffusion coefficients
measured by DOSY NMR. By setting the association constant Ka (2.7@2.7) for the
2.7@2.7 complex to its separately measured (vide supra) value of 2,800 M–1, we
determined the association constant Ka (2.4@2.7@2.7) for the 2.4@2.7@2.7complex,
forming from 2.7@2.7and 2.4 The fitted value for Ka (2.4@2.7@2.7) equals to 730 ± 70
M–1, a proper figure for the assembly of a rare,81 ternary supramolecular complex.
To gain molecular insight about assembled 2.7 inside the aromatic strip 2.4, we
carried out all-atom molecular dynamics (MD) simulations. Models of both the 2.7@2.7

Scheme 2.3. Chemical equilibria considered for the analysis (Figure 2.4) of the 1H-NMR
titration experiments. Ka(2.7@2.7) = 2,800 ± 200 M–1, Ka(2.4@2.7@2.7) = 730 ± 70 M–1, and
n = ca. 20. All Ka values were measured with 1 H-NMR titrations in 4:1 CD3 CN/D2 O v/v
solution at 298 K. Reproduced with permission from reference 12.
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(see the chapter 6) and the 2.4@2.7@2.7 complex were first minimized in vacuum with
the OPLS2005 force field. The resulting refined, initial models were then placed in a cubic
simulation box, with 872 explicit water and 1430 acetonitrile molecules
to mimic the experimental conditions. The solvated models were equilibrated for about 2
ns, followed by 60 ns production runs under a constant temperature (300 K) and pressure
(1 bar). These simulations clearly showed that both complexes investigated are stable.
Furthermore, in the most favorable binding geometry of the 2.4@2.7@2.7complex
sampled, the 2.7@2.7 dimer displays π–π-stacking interactions (Figure 2.5b) with one of
the phenazine groups of the molecular strip 2.4. This observation agrees well with the
guest- induced upfield shifts of the phenazine 1H-NMR resonances mentioned above.
To further validate binding between 2.7@2.7 and the strip 2.4, we determined the
diffusion coefficients of the various species involved with the help of DOSY-1H-NMR
spectroscopy. For a simple comparison, all of the DOSY-NMR spectra recorded were

Figure 2.5. Final snapshot from the 60 ns long MD simulation of a) 2.7@2.7 and b)
2.4@2.7@2.7 complex. Atoms belonging to the dye 2.7 are illustrated in red and orange, while
the blue parts of the structure are situated on the molecular strip 2.4. Nonpolar hydrogen
atoms are not shown to enhance clarity. Reproduced with permission from reference 12.
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overlaid and plotted (Figure 2.6) together. Consistent with the formation of the
2.4@2.7@2.7complex, we find that the diffusion coefficients for all proton resonances of
the dye 2.7 and the molecular strip 2.4 decrease upon complex formation. Being in the fast
exchange regime of NMR spectroscopy in regards to complex association and
disintegration – the proton resonances observed in the DOSY spectra represent average
signals of all the relevant species involved. It is for this reason that the diffusion constants
corresponding to the protons attached to 2.4 lie at a different average value than the
resonances assigned to 2.7 in the mixture of 2.4 and 2.7. In the DOSY-1H-NMR spectrum
recorded for the mixture of 2.4 and 2.7, the resonance e of 2.4 was not resolved, since the
signal overlaps with the resonance of proton y on the dye 2.7. Note that such difficulties in
resolving the diffusion constants of nearby DOSY-NMR signals often arise due to the

Figure 2.6. Overlaid, partial DOSY-1H-NMR spectra (500 MHz, CD3 CN/D2 O 4:1 v/v, 298 K)
of (i, blue) the molecular strip 2.4 (0.595 mM), (ii, red) the dye 2.7 (5.95 mM), as well as (iii,
green) a mixture of 2.4 (0.595 mM) and 2.7 (5.95 mM). See Figure 2.3 for the assignments of
the proton resonances.
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nature of the inverse Laplace transform.
2.5. Conclusions and Future Directions
As illustrated by 1H-NMR spectroscopy and MD simulations, molecular strips can
bind to the outside of pillar[5]arene macrocycles in a novel complexation mode, which is
stabilized by π–π stacking interactions and solvophobic effects. By embracing a pillararene
macrocycle, the strips act as modulators that increase the affinity of electron-deficient
guests to bind inside the cavity of the macrocycle.
In addition, we discovered that chiral polyaromatic strips generated by CAS bind
to stacks of planar aromatic dyes. Consistent evidence for the formation of these complexes
was obtained from

1

H-NMR titrations, DOSY-NMR spectroscopy, and computer

simulations. The stacking of aromatic dyes has a profound impact on the photophysical
properties of the resulting materials and based on our findings CAS-based strips are now
emerging as a viable method to selectively obtain stacks of certain sizes inside their
cavities. These findings assist us in learning more about how supramolecular aggregation
influences the photophysics of these popular dyes.
We are further exploring the possibility of cooperative binding interactions
stabilizing the observed supramolecular entities, which could provide the foundation to
design new types of materials organized, and held together by large molecular clamps.
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CHAPTER 3. CRYSTAL PACKING-DRIVEN ENRICHMENT OF
ATROPISOMERS
3.1. Abstract
Crystal-packing forces can have a significant impact on the relative stabilities of
different molecules and their conformations. The magnitude of such effects is, however,
not yet well understood. Herein we show, that crystal packing can completely overrule the
relative stabilities of different stereoisomers in solution. Heating of atropisomers (i.e.
“frozen out” conformational isomers) in solution leads to complex mixtures. In contrast,
solid-state heating selectively amplifies minor (<25 mole%) components of these solutionphase mixtures. We show that this heating strategy is successful for compounds with up to
four rotationally hindered σ bonds, for which a single stereoisomer out of seven can be
amplified selectively. Our results82 demonstrate that common supramolecular interactions
– for example, [methyl··· π] coordination and [C@H···O] hydrogen bonding – can readily
invert the relative thermodynamic stabilities of different molecular conformations. These
findings open up potential new avenues to control the folding of macromolecules.
3.2. Background on the Solid State Amplification of Atropisomers
Solid-state reactions offer83-85 a powerful alternative to solution-phase
transformations with often unique85-87 selectivity patterns. These distinct selectivities arise
for different reasons, depending on whether a solid-state reaction is under kinetic or
thermodynamic control. Under kinetic control, the product distributions are governed83, 88
primarily by the relative orientations of the reactive functional groups in the solid starting
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materials and transition states.

A well-known example in this regard are [2+2]-

photocycloadditions,89-90 which often proceed91-92 with very high regio- and stereochemical

Scheme 3.1. a)–d) Amplifying specific atropisomers selectively with crystal packing
forces. Rotationally hindered s bonds are highlighted in red and proportions of the major
stereoisomers are in bold. (a) Equilibrium molar ratio in solution. (b) Molar ratio after
heating solid sample. (c) Heating racemic 1 to 150 o C for 8 h in total. (d) 111 o C for 2 h in
toluene. (e) 160 oC for 48 h. (f) 160oC for 48 h in diglyme. (g) 160oC for 48 [h] 160 o C for
72 h in diglyme. (i) 160 o C for 45 days. Reproduced with permission from reference 82.
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control in the solid state. On the other hand, for solid-state reactions under thermodynamic
control, a fundamentally different, less studied mode of reaction control starts to rule. It
operates93-95 by selectively producing the most stable solid state supramolecular structure
as the major product. To our knowledge, the magnitude of such effects has been limited9697

to the solid-state amplification of specific compounds already present in at least 50

mole% at equilibrium in solution. Furthermore, previous studies investigating selective
solid-state reactions under thermodynamic control have been focused (Scheme 3.1) on
atropisomers with only one93-94 (Scheme 3.1a) or two95 (Scheme 3.1b) rotationally hindered
σ bonds (highlighted in red in Scheme 3.1). In one of the first such studies (Scheme 3.1a),
Pincock and Wilson resolved93 racemic, polycrystalline biphenyl into one of its
atropoenantiomers via solid-state heating. This finding has stimulated the field of
spontaneous absolute asymmetric synthesis98 significantly. More recently, this discovery
has also been extended95,

99

to the solid-state diastereoselection of pairs of

atropodiastereoisomers (Scheme 3.1b). These pioneering prior reports thus demonstrated
that crystal packing forces can indeed shift solution phase equilibria to more strongly favor
an already preferred (+50 mole%) solution-phase stereoisomer in the solid state. In the
course of synthesis, we discovered (Scheme 3.1c,d) that the influence of crystal packing
forces can be enhanced further to i) amplify minor (<25 mole%) solution-phase
atropisomers and ii) select a single stereoisomer from complex mixtures of many
atropisomers with multiple, rotationally hindered σ bonds. Notably, Scheme 3.1d shows
that one specific stereoisomer (3.4a) out of seven (3.4a, 3.4b, (±)-3.4c, 3.4d, (±)-3.4e) can
be amplified selectively in the solid-state due to favorable crystal packing.
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Scheme 3.2. Synthesis of atropisomeric mixtures of a) syn- and anti-3.3 as well as b)
3.4a–e with multiple, rotationally hindered σ bond. Reproduced with permission from
reference 82.

3.3. Amplification of the Syn Isomer Over Anti in a Mixture of Two Isomers

Our investigations started with three consecutive Suzuki couplings (Scheme 3.2a)
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between 2,4,6 triiodomesitylene100 (3.5) and three equivalents of commercially available
2,4-dimethoxybenzeneboronic acid (3.6). Thanks to the presence of a methoxyl group
ortho to the boronic acid functionality in 3.6, which assists101-102 the Pd-catalyzed crosscouplings, all three cross-coupling steps (carried out in one pot) proceeded with good
yields. Thus, we managed to isolate a mixture of the atropodiastereoisomers syn-3.3 (25
mole%) and anti-3.3 (75 mole%) in 85% overall yield. Owing to their large (>23 kcal mol-1)
barriers to rotation around the three Ph–Ph σ bonds, both the syn- and anti configurations
of 3.3 are stable for months at room temperature. Nevertheless, the two atropisomers
start101, 103 to interconvert rapidly when heated above 150 oC.
Therefore, to establish the relative thermodynamic stabilities of syn- and anti-3.3 in
solution, we heated mixtures of the two compounds in diglyme to 160 oC under an argon
atmosphere. The composition of the resulting reaction mixtures was followed by 1H-NMR
spectroscopy until equilibrium was reached (i.e. no further changes were observed).
Integration of the relevant aromatic 1H-NMR resonances (Figure 3.1a) between – these
aromatic resonances are clearly distinct for the corresponding protons Ha of syn-3.3 as well
as Hd and He of anti-3.3, hence allowing for relatively accurate determinations of the
atropisomers molar ratios – 7.2 and 7.0 ppm showed that anti-3.3 (23 mole%) is
significantly favored over syn-3.3 (77 mole%) at equilibrium in solution. Yet, in an effort
to establish green chemical practices104 for chirality-assisted synthesis,11 we next decided
to simply heat neat, polycrystalline mixtures of syn- and anti-3.3. At this point, we were
merely aiming to reduce the use of high boiling, toxic organic solvents such as diglyme or
xylenes, while still expecting an equilibrium product ratio in favor of anti-3.3. To our
surprise, however, almost all the solid was converted (Figures 3.1b,c) into syn-3.3 upon
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Figure 3.1. Partial 1H-NMR spectra (500 MHz, CDCl3, 298 K) of a) an equilibrium mixture of
syn- (23 mole%) and anti-3.3 (77 mole%)— equilibrated for 48 h at 160 o C in diglyme, b) a
mixture of syn- and anti- 3.3 (initial syn to anti molar ratio=1:3), which became enriched in syn3.3 (ca. 58 mole%) after being heated as a polycrystalline solid to 160 o C for 6 h, c) further solidstate heating of the syn- and anti-3.3 mixture from (b) to 160 o C for a total of 48 h. At this point,
the mixture is composed almost exclusively (>96 mole%) of syn-3.3, based on integration of the
corresponding 1H-NMR resonances between 7.2 and 7.0 ppm. Reproduced with permission
from reference 82.

heating to 160 oC for 48 h. Thus, we had discovered a rare example of a molecule, for
which a clearly minor solution-phase atropisomer turns into the predominant one, on
account of favorable crystal packing.

3.4. Expansion to a More Complex System
Given that we could selectively amplify a minor stereoisomer from a mixture of two
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atropdiastereoisomers, we realized that we might potentially also be able to apply our solidstate heating strategy to more complex mixtures. To test this hypothesis, we set out to
synthesize a mixture of the atropdiastereoisomers 3.4a–e. Following a similar synthetic
strategy as for the synthesis of syn- and anti-3.3, 2,3,5,6- tetraiodo-p-xylene100 (3.7) was
subjected

(Scheme

2.3b)

to

four

Suzuki

couplings

with

excess

2,4-

dimethoxybenzeneboronic acid (3.6) in one pot. This Suzuki coupling strategy led to a
difficult-to-separate mixture of the atropdiastereoisomers 3.4a–e in 75% overall yield.
While there are (Figure 3.2) five distinct atropdiasteroisomers of 3.4, two of these
compounds, (±)-3.4c and (±)-3.4e, are chiral. Thus, the as-synthesized mixture of 3.4a–e
contained (see also 13C-NMR spectra of the mixtures provided in the chapter 6) no fewer
than seven stereoisomers in total. The complicated 1H-NMR spectrum obtained for the
mixture of 3.4a–e also did not clear up significantly when equilibrating (Figure 3.2a) its
components for 72 h in diglyme at 160 oC. Nevertheless, as soon as we started to heat the
mixture in the solid-state to 160 oC, the intensities of the proton resonances corresponding
to the atropdiastereoisomer 3.4a started (Figure 3.2b) to increase relative to those of other
1

H-NMR signals. Eventually, continued heating at 160 oC for 45 days in the solid-state

gave (Figure 3.2c) almost pure 3.4a. Thus, we had again succeeded in selectively
amplifying a minor atropdiastereoisomer (3.4a), which is present at equilibrium in solution
in only 22 mole%. This time around, however, the solid-state selection process had the
means to control the orientations of multiple, rotationally hindered σ bonds, by stabilizing
one out of seven stereoisomers selectively.
To gain a better understanding of the supramolecular forces which selectively
stabilize syn-3.3 and 3.4a in the solid state, we grew single crystals of both compounds.
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Analysis of the single-crystal diffraction data showed that both syn-3.3 and 3.4a pack very

Figure 3.2. Partial 1H-NMR spectra (500 MHz, CDCl3, 298 K) of a) an equilibrium
mixture of 3.4a (22 mole%) and all of its atropodiastereoisomers 3.4b–e (78 mole%
combined)—equilibrated for 72 h at 160 oC in diglyme, b) a mixture of 3.4a–e (initial
mole-fraction of 3.4a=25%) which became enriched in 3.4a (ca. 59 mole%) after being
heated as a polycrystalline solid to 160 o C for 14 days, c) further solid state heating of the
3.4a–e mixture from (b) to 160 o C for a total of 45 days. At this point, the mixture is
composed almost exclusively (>90 mole%) of 3.4a, based on integration of the
corresponding 1 H-NMR resonances between 7.1 and 6.7 ppm. Reproduced with
permission from reference 82.
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efficiently (Figure 3.3 and 3.4) into columnar assemblies, even without any solvent
molecules present in the crystals. Furthermore, the solid-state supramolecular structures
show several close [methyl··· π] and [C–H···O] contacts, with [C···benzene-ring–
centroid]-distances between 3.5 and 3.6 Å and [C···O] distances in the range of 3.4–4.0 Å,
respectively.
They are characteristic of typical, weakly stabilizing [methyl··· π]105 and [C–
H···O] hydrogen-bonding106 interactions. It is our hypothesis that in the herein reported
solvent free solids, these two types of supramolecular interactions efficiently work together
to invert the solution-phase thermodynamic preferences of the isomerization reactions. The
number and/or strength of these contacts is maximized in the solid-state structures of the
atropstereoisomers syn-3.3 and 3.4a, which are selectively enriched in the solid-state.

Figure 3.3. Solid-state supramolecular structures of a) syn-3.3 obtained by single-crystal
X-ray crystallography. No solvent was incorporated in the structure, even though both
crystals were grown by slow vapor diffusion of hexanes into CH2 Cl2 solutions. The insets
show the tiling of the molecules into column-like aggregates. Carbon atoms are blue and
gray, while oxygen atoms are red. Stabilizing [methyl··· π] as well as [C–H···O] hydrogenbonding interactions have been highlighted with dashed lines. Corresponding
[C···benzene- ring–centroid] as well as [C···O] distances are in Å. Reproduced with
permission from reference 82.
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Supramolecular interactions between the different stereoisomers of 3.3 and 3.4 only play a
minor role in solution, especially at the elevated temperatures (160 oC) employed for the
isomerization reactions. In solution, the thermodynamic reaction preferences seem to be
dominated by statistics and intramolecular steric clashes between methoxyl groups. The
single crystals used to solve the solid-state structures of syn-3.3 and 3.4a were grown under
conditions which differed substantially from the solid-state heating experiments at 160 oC.
Therefore, we further verified with powder X-ray diffraction experiments (see chapter 6),
that the solid-state structures obtained under the different conditions are indeed identical.

\

Figure 3.4. Solid-state supramolecular structures of 3.4a obtained by single-crystal X-ray
crystallography. Reproduced with permission from reference 82.

3.5. Conclusions and Potential Applications
In summary, we show that even relatively weak supramolecular interactions in
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the solid state can have a significant impact on the relative thermodynamic stabilities of
different atropoisomers. While previous work had already shown

93, 95

that the major

component of atropisomeric enantiomer/diastereoisomer pairs can be amplified thanks to
crystal packing interactions, our results reach beyond the previous findings in the following
key aspects: i) We report examples, in which minor reaction components in solution turn
into the predominant ones in the solid state. Furthermore, these solid state amplifications
are ii) applicable to atropisomers with multiple rotationally hindered σ bonds, which allows
crystal packing forces to selectively stabilize one specific stereoisomer out of seven. Since
different atropisomers simply represent “frozen-out” molecular conformations, our results
could have general implications for the relative thermodynamic stabilities of molecular
conformations in the solid state. Studies investigating such effects for synthetic and
biological macromolecules are currently in progress.
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CHAPTER 4. SIZE-SELECTIVE CATALYSIS WITH NANOSCALE
SUBSTRATES

4.1. Abstract
Selective catalysis at the molecular level represents a cornerstone of chemical
synthesis. However, it still remains an open question how to elevate tunable catalysis to
larger length scales to functionalize nanoscale substrates (e.g. whole polymer chains) in a
selective manner. We now report a hydrazone-linked tetrahedron with wide openings,
which acts as a catalyst to size-selectively functionalize polydisperse polymer-mixtures.
Our experimental and computational evidence supports a dual role of the hydrazone-linked
tetrahedron. To accelerate functionalization of the polymer substrates, the tetrahedron (i)
unfolds the polymer substrates and (ii) enables target sites (amino groups) on the polymers
to coordinate with catalytic units (triglyme) attached to the tetrahedron. With the
tetrahedron as the catalyst, we find a complete reversal of the intrinsic size selectivity for
polymer functionalization. Our findings enable the possibility to engineer hydrolytically
stable molecular polyhedra as organocatalysts for size-selective polymer modification.
4.2. Introduction
Selective catalytic chemical modification after synthesis represents107-108 an
effective means to diversify the structures and functions of small molecules and polymers.
Yet, despite various examples of protein posttranslational modifications (PTMs) catalyzed
by enzymes, it remains a daunting task to create catalysts that can selectively recognize
and modify man-made polymers. Thus, it has been a major goal of biomimetic chemists to
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create supramolecular catalysts,109-110 which can operate selectively on synthetic
polymers.9,

111

These efforts have led to the successful application of selective

supramolecular catalysts for small-molecule transformations55-56,
growth9,

119-120

and functionalization111,

121

112-118

as well as for

of linear polymers in a processive manner.

However, selective post-synthetic polymer modification (hereafter referred to as PSPM)
by supramolecular organocatalysts has, to the best of our knowledge, not yet been reported.
We now show that a hydrazone-linked tetrahedron with large openings can size-selectively
functionalize (Figure 4.1b) complex polymeric mixtures. In contrast to previous work117 –
where mostly pairs of small-molecules were used as the substrates for size-selective
catalysis (see the examples shown in Figure 4.1a) — our catalyst is unique in the following
aspects: (i) With its wide openings, it is designed to recognize nanoscale substrates and (ii)
it acts on a mixture of many different polymer chains in a size-selective manner.

To achieve activity and selectivity, a PSPM catalyst has to recognize the
polymeric substrates to initiate catalysis. Molecular polyhedra with large opening are well
suited to meet this challenge with tetrahedral structures providing the largest openings out
of all possible regular polyhedra. For instance, the surface area per face of a tetrahedron is
1.8 times larger than the corresponding surface area per face for a cube with an identical
volume. Here we now show that — due to their wide openings — tetrahedral cages allow
polymers with bulky side chains to thread through, to prepare for further catalytic
functionalization.
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Figure 4.1. Substrate-selective catalysis at different scales. a) Examples of prior work in
the size-selective catalysis arena with small-molecule substrates. b) We now elevate the
concept of size-selective catalysis to nanoscale substrates with a hydrazone-linked
molecular tetrahedron as the organocatalyst, which can size-selectively modify a
polydisperse mixture of similar polymer chains. Catalysts are shown in green, reactive
substrates and products in orange, unreactive substrates in yellow-orange, and reagents
in blue/black. All structures are shown approximately on the same scale.
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Although molecular polyhedra with Td symmetry can be synthesized46, 57, 122-124
with dynamic covalent chemistry (e.g. with imine linkages), the currently reported systems
lack sufficient stability125-126 for organocatalytic PSPM processes. Thus, rather than using
cages with imine linkages, we first invented a method to create more stable, highly porous
cages (Figure 4.2) with hydrogen bonding/acceptor capabilities and peripheral glycol
chains required for the PSPM catalysis. We have addressed these issues with acylhydrazone linkages, which feature the following distinct advantages26, 127-129 over related
imine-linked42,

45, 48, 59, 61, 130-132

assemblies: (i) Hydrazone bonds generally display

enhanced hydrolytic stability, which renders them excellent candidates for catalysis. (ii)
The NH group available in acyl-hydrazones represents a suitable hydrogen bond donor,
which can direct the assembly of hydrazone-linked polyhedra. (iii) The hydrogen bonding
capabilities of hydrazones can assist PSPM catalysis by binding and unfolding polymeric
substrates.
However, due to strong hydrogen bonding, hydrazone cages with large openings
also have a high propensity to form interlocked structures133-134, which explains the fact
that hydrazone-linked polyhedra with large openings and Td symmetry have not yet been
reported. The closest design to a tetrahedral hydrazone-linked cage is (Figure 4.2a) the C2d
symmetrical hydrazone cavitand Cage-1, invented135 by Warmuth and coworkers. Yet,
with ca. 9–13 Å (Figure 4.2a) the openings of Cage-1 are relatively narrow, which prevents
intercatenation but would likely also prevent side-chain polymers from threading through
as required for PSPM catalysis.
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Figure 4.2. Comparison of tetrameric hydrazone-linked molecular cages a) A C2dsymmercial hydrazone cage reported by Warmuth and coworkers.135 b) The Tdsymmetrical hydrazone tetrahedron reported in this work. Its wide openings allow it to act
as a size-selective catalyst for post-synthetic polymer modification (PSPM). Molecular
models of both cages were minimized with the OPLS3 force field. Color scheme: C = green,
polar H = white, N = blue, O = red.

For an efficient synthesis of hydrazone-tetrahedra (Figure 4.2b) with large
openings, we designed a special vertex (syn-4.6), whose shape is designed for tetrahedron
formation (Scheme 4.1). The shape encodes hindered rotation82 around three Ph-Ph σ
bonds, as well as three intramolecular [NH...OR]-hydrogen bonds, which direct128 the
growth of the cage upon hydrazone formation. This strategy allowed us to create the first
hydrazone-linked Td-symmetric molecular tetrahedron. The tetrahedron not only binds to
side-chain polymers but it also catalyzes the PSPM of amine-functionalized polymers with
relatively long side-chains in a size-selective manner.
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4.3. Synthesis of a Hydrazone-Linked Molecular Tetrahedron
The synthesis (Scheme 4.1) of syn-4.6 started with a trifold formylation of syn3.3, which is created on a large scale with a solid state-driven amplification of the synatropisomer as we reported in chapter 3. The methoxyl groups ortho to the aldehydes of
the resulting syn-4.1 were then removed selectively with BCl3 to afford the tris-phenol syn4.2. Finally, syn-4.2 was converted into the vertex syn-4.6 through (i) alkylation of the
phenolic -OH groups, (ii) Pinnick oxidation136 of the aldehydes to carboxylic acids, (iii)
esterification, and (iv) hydrazinolysis of the resulting methyl esters. To form the
tetrahedron Tet-1, we mixed two equivalents of the vertex syn-4.6 with three equivalents
of terephthalaldehyde and trifluoroacetic acid (TFA) as the catalyst in CH2Cl2. After 48 hrs
of stirring at room temperature, Tet-1 formed in 80% yield, as confirmed (see the
supplemental information) by high-resolution ESI mass spectrometry as well as 1H-, 13Cand DOSY 1H-NMR spectroscopy.
The 1H-NMR spectrum of Tet-1 (see chapter 6) illustrates its Td symmetry with
only five resonances (all singlets) appearing in the region between 6 and 12 ppm. Based on
a minimized molecular model (Figure 4.2b), the height of Tet-1 is 22 Å which agrees well
with the hydrodynamic diameter (21 Å) measured by DOSY 1H-NMR spectroscopy
(Figure 6.8). The cage is not only soluble in organic solvents but also in aqueous mixtures
with polar organic solvents. To test its hydrolytic stability, we therefore dissolved Tet-1 in
a 90:10 vol-% mixture of DMSO-d6 and D2O and heated the resulting clear solution to 80
°C for 5 hrs. No degradation was observed (Figure 6.10) under these conditions by 1HNMR spectroscopy, which illustrates the excellent hydrolytic stability of Tet-1, even at
elevated temperatures.
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Scheme 4.1. Synthesis of the hydrazone-linked molecular tetrahedron Tet-1. Reagents and
conditions: (i) BCl3, CH2 Cl2; (ii) Br-C4H8-Triglyme, K2CO3, DMF, Δ (iii) MeOH, H2SO4, Δ (iv)
H2NNH2, MeOH, H2O, Δ.

4.4. Polymer Recognition with Our Tetrahedron
With Tet-1 isolated, we first embarked on investigating the molecular tetrahedron’s ability
to recognize amine-functionalized polymers with side chains, since binding to such
48

macromolecules is a prerequisite for the catalytic polymer functionalizations described
below. To create amine-functionalized polymers, we first condensed n-octylamine (90 mol
%) with commercial poly(isobutylene-alt-maleic) anhydride, and then reacted (Scheme
4.2) the remaining anhydride units with 1,6-diaminohexane.
This procedure (see also the experimental procedures section on chapter 6) leads to
fully and partially reacted maleimide units on the polymer, leaving a few mono- and dicarboxylic acid groups. In addition – as shown (i) by elemental analysis and (ii) by
measuring the percentage of free amine groups through complete acylation at elevated
temperature – some of the hexyldiamine chains form crosslinks. This fact results in a
polydisperse mixture of amine-functionalized poly(isobutylene-alt-n-octyl maleimide)
(NH2-POI) polymers (𝛭 w (DLS) = 30 kDa), which is well-soluble in a variety of organic
solvents and contains ca. 6% of free NH2-containing sidechains on average. Next, binding
between Tet-1 and the polymeric NH2-POI substrate was confirmed (Figure 4.3) with
DOSY 1H-NMR spectroscopy.
Molecular dynamics (MD) simulations predicted (Figure 4.4) an increase in the
average radius of gyration for the NH2-POI polymer of ca. 20% upon threading of the

Scheme 4.2. Synthesis of an amine-functionalized polymeric substrate for size-selective
catalysis. Reagents and conditions: (i) H2 N-n-C8H17, DMF, D; (ii) H2N-n-C6 H12-NH2, DMF, Δ.
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polymer through the cavity of Tet-1. This computationally predicted size-increase agrees
well qualitatively with the experimentally observed (Figure 4.3) increase of the polymer's
hydrodynamic diameter for this process by ca. 50%, measured by DOSY 1H-NMR (via
application of the Stokes Einstein equation).
The DOSY 1H-NMR spectrum of the NH2-POI:Tet-1 mixture shows two diffusion
bands for the [NH2-POI@Tet-1] complex at different diffusion coefficient (D) values (1.7
x 10–10 m2/s and 2.5 x 10-10 m2/s). These two diffusion bands of the complex arise from
two different complexation geometries, which interconvert slowly on the NMR timescale.
Based on a direct comparison with molecular dynamics (MD) simulations (vide infra), the
larger complex, with an average D value of 1.7 x 10–10 m2/s, is the one where NH2-POI is
threaded through the cavity of Tet-1. In this binding geometry, the hydrodynamic diameter
of the NH2-POI polymer increases by ca. 50%, compared to the hydrodynamic diameter
of the NH2-POI polymer on its own (Figure 4.3b).

Figure 4.3. DOSY 1H-NMR spectra (500 MHz, CD2Cl2) demonstrate complex formation
between the polymeric substrate NH2-POI and the cage catalyst Tet-1. a) [NH2-POI@Tet1], b) NH2-POI, and c) Tet-1. The spectra show the decrease of the diffusion constants for
both NH2-POI and Tet-1 upon mixing. This finding establishes complex formation between
the two compounds.
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To confirm this finding, we ran MD simulations (Figure 4.4) of the polymer with
and without Tet-1 for 800 ns. These simulations demonstrated that the observed increase
in polymer size50 (ca. 20% size-increase is predicted by the MD simulations) is caused by
unfolding of the polymer, when it threads through Tet-1. As also indicated by the MD
simulations, the polymer-unfolding is driven (Figure 6.11) by the cage breaking up the
intramolecular hydrogen bonds in the polymer, and replacing them with polymer-to-cage
hydrogen bonds.
In the second diffusion band, the diffusion coefficient (D) of the polymer
decreases only slightly, compared to the D of the polymer by itself, from 2.8 x 10–10 m2/s
(unbound polymer, Figure 4.3b) to 2.5 x 10–10 m2/s (bound polymer, Figure 4.3a). Thus,
we conclude that in the second binding conformation, the polymer does not get unfolded
to the same extend as when the polymer is threaded through the cage, likely because the
polymer and Tet-1 interact with side-on coordination modes in the second binding
conformation. Overall, the fact that polymer binding to Tet-1 is clearly observed in CD2Cl2
(which is an ideal solvent for glyme-catalyzed aminolysis) provides the foundation to use
Tet-1 as a nanoscale-selective catalyst as described in the next section of the manuscript.
4.5. Polymer Functionalization Catalyzed by the Tetrahedron
Triglyme functional groups act137 as organocatalysts to accelerate aminolysis reactions.
Since Tet-1 possesses 12 peripheral triglyme chains and binds to amine-functionalized
NH2-POI polymers, Tet-1 can engage in nanoscale-selective catalytic (Figure 4.5)
functionalization of these polymeric substrates. We evaluated the catalytic performance of
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Tet-1 by monitoring the kinetics of the aminolysis reaction with 1H-NMR in the presence
of an internal standard (1,2,4,5-tetrabromobenzene).
Four reaction mixtures were prepared in CD2Cl2 as the solvent. Each of the
reaction mixtures contained (i) nitrophenyl-3,5-dinitrobenzoate (NDB) active ester, (ii)
NH2-POI polymer as the substrate, as well as (iii) one of the following catalysts/controls:
a) Tet-1, b) Triglyme, c) Control Hydrazone, and d) no additives. We selected NDB as
the active ester, since it attaches dinitrobenzoate groups onto the polymers, which are
readily observed in the aromatic region of the spectrum in DOSY 1H-NMR. This fact

Figure 4.4. MD simulations showing an NH2-POI polymer chain unfolding when binding
to Tet-1. The MD simulations help explain the significant increase of the polymer’s
hydrodynamic diameter, which is observed (Figure 3.4) upon complexation with Tet-1 by
DOSY 1 H-NMR spectroscopy. a) Time-average bar-charts showing the radius of gyration
(rgyr) of the NH2-POI polymer chain by itself (pattern-free bar) and in complex
(patterned bar) with Tet-1. Error bars represent standard deviations. The time-averages
and standard deviations were calculated from the last 400 ns of 800-ns MD simulations
in explicit solvent. b) Final snapshot of an 800-ns MD simulation of NH2-POI by itself.
The solvent (CH2 Cl2) is hidden for clarity. c) Final snapshot of an analogous MD
simulation with NH2-POI threaded through Tet-1.
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enabled us to determine (vide infra) the size-selectivity of the polymer-functionalization
reactions. We followed the progress of the reactions by integrating (Figures 6.4 – 6.7) the
distinct 1H-NMR resonance at 6.9 ppm, which corresponds to p-nitrophenol formed upon
aminolysis of the NDB active ester. From the p-nitrophenol concentration and the initial
amine concentration ([amine]0 = 0.63 x 10-3 mM), the concentrations of the remaining
amino groups ([amine]) on the NH2-POI polymers were calculated for each time point.
Our kinetic data shows that plots of [amine]–1 vs. reaction time (Figure 4.5b) are linear for
all the samples and therefore the reactions are all second order in the amine-concentration.
The amino groups on the polymer are therefore not just acting as the reagent for aminolysis,
but also as catalysts to deprotonate137 the tetrahedral amine-adducts. Given this
information, we can138-139 write (see chapter 6 for the derivation) the rate-law for the PSPM
reactions as:
"[$%&'(]
"*

= 𝑘-./ [𝑐𝑎𝑡]3 [𝑎𝑚𝑖𝑛𝑒]8

(Eq. 1)

For the control reaction without any catalyst added, we define the rate constant k’obs of the
reaction in an analogous manner:

"[$%&'(]
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9
= 𝑘-./
[𝑎𝑚𝑖𝑛𝑒]8

(Eq. 2)

kobs and kobs’ in equations 1 and 2 are observed rate constant (defined in equation 6.3),
[amine] is the total concentration of amino groups on all the polymer chains, and [cat]0 is
the initial concentration of the organocatalyst. The rate constants kobs (Figure 4.5a) obtained
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from the second-order rate-plots (Figure 4.5b) demonstrate that kobs with Tet-1 as the
catalyst is nearly two orders of magnitude faster than with any of the other control reactions
carried out with the hydrazone Control or with simple Triglyme as the catalyst. Thus, Tet1 is a more effective catalyst than any of the control compounds, which lack the large cavity
of the hydrazone cage.

Figure 4.5. Evidence of Tet-1’s catalytic activity for functionalizing NH2-POI polymers. a)
Observed rate constants, kobs (defined in Eq. 1), plotted for Tet-1 as well as for control
catalysts with hydrazone (Control) or triglyme (Triglyme) functionalities. The bar-graph
illustrates that the reaction is close to two order of magnitude faster with Tet-1 than with
either of the control catalysts. b) Plots of the inverse total amine concentration ([amine]–1) vs.
time. The fact that these plots are linear demonstrates that the reactions are all 2nd order in
the amine concentration. The kinetic experiments were carried out in 600 µL of CD2 Cl2 at
298 K using an initial amine concentration of 0.63 x 10-3 mM, with an excess (8.33 x 10-3 mM)
of the active ester nitrophenyl-3,5-dinitrobenzoate (NDB) in the presence of one of the
following catalysts: 0.28 x 10-3 mM Tet-1 (green squares); 3.41 x 10-3 mM Triglyme (red
circles); 3.41 x 10-3 mM Control (purple triangles); no catalytic additives (gray circles).
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4.6. Size-selectivity of the Organocatalytic Polymer Functionalization Process
We have been able to demonstrate that the Tet-1 catalyst can distinguish between
different chain-lengths of the NH2-POI substrates and completely reverse the intrinsic size
selectivity for this polymer functionalization process. Our evidence for the size selectivity
includes: (i) A distinct difference (Figure 4.6) in the average hydrodynamic diameter for
the polymers functionalized with Tet-1, compared to the polymers functionalized with the
control catalysts; (ii) DOSY 1H-NMR spectra (Figure 4.7), which confirm directly that the
functionalized

polymers

display

a

smaller

hydrodynamic

diameter

than

the

Figure 4.6. Hydrodynamic Diameter of the NH2-POI polymers provide evidence for size
selectivity.
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unfunctionalized ones when Tet-1 is used as the catalyst, while the reverse is true for the
control catalysts.
To investigate the size selectivity, we ran PSPM reactions with different catalysts
and NDB as the acylation reagent to the exact same conversion (24%). For the first catalytic
system, Tet-1 (0.4 equivalents) was used as the catalyst, while a combination of Triglyme
+ Control (5.4 equivalents of each) was used as the control. To be able to directly compare
the different reaction systems, we equalized them before analysis with the following
protocol: (i) For the functionalization reaction catalyzed by Tet-1 (0.4 equivalents), we
added Triglyme (5.4 equivalents) and Control (5.4 equivalents) just before analysis. (ii)
For the control reaction catalyzed by Triglyme (5.4 equivalents) + Control (5.4
equivalents), we added Tet-1 (0.4 equivalents), again just before analysis. All
measurements were executed with volumetric additions from identical stock solutions. In
this manner we ensured that, besides the differently-functionalized polymers, all other
components and amounts thereof were exactly the same for all the samples in the end. As
a result, different properties of the equalized reaction mixtures are expected to directly
correlate with differences in the functionalization patterns of the polydisperse NH2-POI
substrates.
Figure 4.6 depicts the NH2-POI polymers which contain (Scheme 4.2) both NH2
and COOH functional groups. These functionalities form strong hydrogen bonds in the
non-polar CD2Cl2 solvent used for the functionalization experiments, which leads to
aggregation of the polymers. Overall, longer polymer chains have a statistically higher
chance to form aggregated structures, since they contain a larger number of NH2 and
COOH functional groups on average. When the NH2 groups on the polymers are acylated
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with NDB, some of the [NH2…HOOC-]-hydrogen bonds disappear, which reduces
aggregation of the polymers. Now, if longer polymers get acylated the most, the observed
reduction in aggregation will be stronger than if shorter polymer chains get acylated the
most. From the measured hydrodynamic diameters, we observe a much smaller reduction
in average size (from 4.9 to 4.5 nm) for the reaction executed with Tet-1 as the catalyst
than for the control reaction (4.9 nm to 2.8 nm). This data therefore indicates that shorter
polymer chains got acylated the fastest with Tet-1 as the catalyst, while longer polymer
chains got acylated preferentially in the control reaction.
DOSY 1H-NMR spectra of all reaction mixtures were recorded immediately after
equalization. From these spectra, the average hydrodynamic diameters of the polymers
were determined. Significant differences in the hydrodynamic diameters of the polymers
were observed between the control reaction and the Tet-1-catalyzed variant. These
differences indicate (Figure 4.6) a reversal in size-selectivity for polymer functionalization
with Tet-1: With the control reaction, the longer polymer chains get acylated the fastest,
which results in a significant reduction of the number-averaged hydrodynamic diameter of
the polymer (from 4.9 to 2.8 nm) upon acylation of the amines. This significant reduction
in polymer size can be explained with less aggregation occurring after acylation (since
fewer strong [-NH2…HOOC-]-hydrogen bonds are present after acylation) and the fact that
longer polymers have a higher tendency to aggregate, because they contain more NH2 and
COOH groups on average than shorter ones. A much smaller reduction in the
hydrodynamic polymer diameter upon acylation (from 4.9 to 4.5 nm) is observed for
functionalization with Tet-1 as the catalyst. This finding indicates that, with Tet-1 as the
catalyst, shorter polymer chains (which have a weaker tendency to aggregate) get acylated
57

the fastest. To obtain additional evidence for the size-selectivity, we compared (Figure 4.7)
the average size of the functionalized polymer chains to the average size of the all the
polymer chains (both functionalized and unfunctionalized) with DOSY

1

H-NMR

spectroscopy. Since we acylated with NDB — which attaches 3,5-dinitrobenzamide units
with distinct aromatic 1H-NMR resonances to the polymers – we were able to determine
the average diffusion constant of the functionalized polymers from the DOSY 1H-NMR
resonances of the 3,5-dinitrobenzamide units. The results obtained clearly show
(Figure 4.7) that the aromatic resonance corresponding to the acylated NH2-POI substrates
is lined up with the shorter polymer chains of the sample when Tet-1 is used as the catalyst.

Figure 4.7. Additional evidence for size-selectivity based on relative diffusion constants.
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In contrast, when Triglyme + Control are used as the catalysts instead, the longer polymer
chains react faster in the PSPM reaction.
A direct comparison of the relative diffusion constants for the functionalized
polymers with the average diffusion constants of all the polymer chains (both
functionalized and unfunctionalized) is illustrated in Figure 4.7; a) With Tet-1 as the
catalyst. b) Control reaction with Triglyme + Control as the catalysts. The average
diffusion constant of the functionalized polymers was measured via the diffusion constant
of the distinct 1H-NMR resonance at 8.82 ppm, which corresponds to the ortho-protons
(Hx) of the 3,5dinitrobenzamide units attached to the functionalized polymers. The average
diffusion constant of all polymer chains was determined from the diffusion constant of the
broad 1H-NMR resonances between 0.8 to 1.4 ppm, which correspond to the aliphatic
protons of the polymer chains. All reactions were run to exactly 24% conversion and all
DOSY 1H-NMR spectra were obtained for reaction mixtures “equalized” in the following
manner: a) For the functionalization reaction catalyzed by Tet-1 (0.4 equivalents), we
added Triglyme (5.4 equivalents) and Control (5.4 equivalents) just before recording the
DOSY 1H-NMR spectrum. b) For the control reaction catalyzed by Triglyme (5.4
equivalents) + Control (5.4 equivalents), we added Tet-1 (0.4 equivalents), again just
before recording the DOSY 1H-NMR spectrum.
Therefore, we conclude based on the evidence shown in Figures 4.6 and 4.7, that
– while the longer polymer chains of our NH2-POI sample get acylated the fastest with
small-molecule catalysts – this intrinsic reactivity gets completely switched toward
selective functionalization of shorter polymer chains with Tet-1 as the catalyst.
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4.7. Discussion
Mechanism of the size-selective catalytic polymer functionalization
From the control reactions with the hydrazone Control and with Triglyme we
can deduce that both the hydrazone and the triglyme functions of Tet-1 are important for
catalysis. For instance, the slope of the rate plot increased (Figure 4.5b) from
0.0056 ± 0.0006 mM-1 hr-1 (R2 = 0.92) without any additives to 0.0080 ± 0.0007 mM-1 hr-1
(R2 = 0.94) with the control hydrazone Control (5.4 equivalents, based on the total amine
concentration). With 5.4 equivalents of simple Triglyme as the catalyst, the slope of the
rate plot increased further to 0.012 ± 0.001 mM-1 hr-1 (R2 = 0.94), while a very significant
jump in the aminolysis rate was observed with 0.4 equivalents of Tet-1 as the catalyst, with
a corresponding rate-plot-slope (= kobs[cat]0) of 0.061 ± 0.001 mM-1 hr-1 (R2 = 0.99). This
data is consistent with a mechanism (Scheme 4.3), where both the hydrazone
functionalities as well as the triglyme units of the molecular cage Tet-1 actively participate
in the size-selective polymer-functionalization mechanism.

Thus, based on (i) our kinetic data and (ii) the fact that the hydrodynamic diameter
of the polymers increases very significantly upon binding to Tet-1 (see Figures 4.3 and 4.4
for corresponding experimental and computational evidence), we propose the mechanism
shown in Scheme 4.3 for the observed size-selective catalytic polymer functionalization.
In the proposed mechanism, the hydrazone functionalities hydrogen bond with functional
groups on the polymer and thereby help unfold (see Figure 4.4 for an MD simulation of
this process) the polymer chains to render the amines more reactive. At the same time, the
triglyme functional groups of Tet-1 engage in catalysis by stabilizing the tetrahedral
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intermediates arising during aminolysis. Finally, another amino-group on the polymer acts
as a base to deprotonate and break apart the tetrahedral intermediate, which is clearly
shown by the observed (Figure 4.5b) second order dependence of the reaction kinetics on
the amine concentration.

Origin of the observed size selectivity at the nanoscale
It is likely that a nanoscale catalyst like Tet-1 can distinguish polymeric substrates
of different size due to complex, large-section contacts, resembling interactions between
biological macromolecules. Such non-local supramolecular recognition is difficult to
achieve with small-molecule catalysts like Triglyme, since they interact with reactive
groups on the polymers (e.g. amines in our case) mostly in a local fashion. Although a
small-molecule catalyst can also form multivalent contacts with its polymeric substrates, it
will simply not be able to reach far away sections of the substrate to enable a nanoscaleselective functionalization mechanism.
As suggested by MD simulations (Figure 4.4), Tet-1 interacts with the polymeric
substrates in a non-local fashion. Specifically, other amines and carboxylic acids — far
away from a reactive amino group on the same polymer — can still influence the
interactions between the polymeric substrate and Tet-1 through hydrogen-bonding
networks. Therefore, we expect the Tet-1 catalyst to distinguish different, non-local
aspects of a polymer’s structure, including (i) polymer length, (ii) the number and types of
functional groups present on the polymer, as well as (iii) the positioning of these functional
groups. In this work, we now provide evidence (see Figures 4.6 and 4.7) for the effect of
polymer length on the catalytic rates with Tet-1 and with small-molecule catalysts. From
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the kinetic evidence (i.e. the observed second order dependence of the reaction rates on the
amine concentration), it is clear that longer polymer chains intrinsically react faster with

Scheme 4.3. Proposed catalytic cycle for Tet-1-catalyzed acylation of NH2-POI
polymers. The tetrahedral cage catalyst Tet-1 (i) helps to unfold (see Figures 4.3 and
4.4 for evidence) the polymer substrates, which frees up the amino groups on the
polymeric substrates for acylation. In addition, Tet-1 (ii) utilizes its 12 peripheral
triglyme units to stabilize the tetrahedral aminolysis intermediates, while (iii) an
internal amino group functions as the base to deprotonate the intermediate. The fact
that the amines also act as a base in the mechanism results in the observed second order
dependence on the amine-concentration. Not all arrows of the arrow-pushing
mechanism are shown in order not to overwhelm the scheme with arrows.
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small-molecule catalysts. However, by switching to Tet-1 as the catalyst, this intrinsic
reactivity can be completely reversed. Likely, shorter polymer chains are easier to unfold
and thread through the cavity of Tet-1 to enable the observed reversal in size selectivity.
Overall, by providing initial evidence for size selectivity with nanoscale substrates, we
provide the foundation to further investigate the complex factors governing recognition
and catalytic activity of nanoscale substrates.

4.8. Conclusions
In conclusion, we demonstrated the concept of post-synthetic selective polymer
modification on the nanoscale. Our reaction proceeds with size selectivity in the presence
of a hydrazone-linked tetrahedron with wide openings as the catalyst, in sharp contrast to
the results observed with small-molecule catalysts. This conclusion is supported by distinct
differences in the overall hydrodynamic radii of the of the polymeric products, as well as
by a significant alteration in the relative diffusion constants for the functionalized polymers
compared to the unfunctionalized ones. Our findings extend the scope of catalystcontrolled size selectivity to the nanoscale for post-synthetic polymer-functionalization
reactions, applied to polydisperse polymer mixtures. Our nanoscale-selective, catalytic
approach represents a promising avenue to create new nanoscale materials.
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CHAPTER 5. TEMPLATE-DIRECTED REPLICATION OF CYCLIC
OLIGOMERS

5.1. Introduction

Living organisms build their macromolecules from preexisting templates, while
synthetic chemists still create most polymers from scratch. The biological approach
represents a truly sustainable way of synthesis, where complex, functional structures are
amplified to preserve the built-in structural complexity. Lots of effort has therefore been
spent on the template directed synthesis of macromolecules.3,

8, 140-144

Nevertheless,

efficient methods to accurately and repeatedly replicate well-defined synthetic polymers in
an exponential fashion are still elusive.13,

141

To enable this key synthetic advance in

macromolecular science, answers to the following two fundamental questions need to be
found: (i) a simple replication scheme relying on chemical energy to prevent product
inhibition as well as (ii) replication catalysts designed to enhance the fidelity of all
transcription steps. This part of my dissertation introduces the use of covalent links for
effective templation control during replication rounds. The key advantage of covalent
templation is, that the links between the template and daughter structures can be formed
and cleaved readily (vide infra) by external stimuli (base in our case). Thus, product
inhibition of future replication/transcription events by the daughter strands can be
overcome. In order to accomplish this objective, we first synthesized the cyclic templates
(section 5.2) and next applied them as “mother” substrate during the replication process
(section 5.3).
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5.2. Synthesis of the Templates
The structural stiffness – which is expected (vide supra) to be of great help in
achieving accurate, replication – should increase even more, for cyclic oligomers. For this
reason and for the fact that cyclic oligomers do not have any end-groups, which need to be
dealt with during replication, we embarked on our replication journey using cyclic
structures. To reach this aim, we attempted to synthesize a library of cyclic oligomers with
various sizes and stereochemistry as our templates following two different strategies: i)
non-template and ii) template-directed synthesis of the cyclic structures as discussed in the
following sections. The obtained templates were applied as the “mother” component in
replication cycle. The replication process is still under investigation and in order to gain a
comprehensive vision of the course of replication and the resulting regioselectivity further
evidence is essential.
5.2.1. Non-Templated Synthesis of Cyclic Structures
In our search to find a great candidate as the monomer, we selected “Magnolol
(S5.1)” as it has two terminal alkene groups separated via two benzene rings which can
prohibit the intramolecular ring closure (Scheme 5.1). The synthesis of cyclic oligomers
was commenced by the synthesis of an asymmetric Magnolol monomer with biphenyl like
structure (Compound 5.1). Due to solubility issues, one half of the molecule was
functionalized with butyl chain and the other half was acetyl protected alcohols. We
primarily attempted a “non-templated” route with the aim of separating different ring sizes
from the crude product. To reach this goal, we linked the acetylated Magnolol monomers
together via ring closing metathesis (RCM).145-146 We picked RCM as the coupling reaction
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due to the reversibility of this reaction which leds to the formation of the cyclic structures
via “error correction” as discussed in chapter 1.147 As a result of the formation of different
cis-trans isomers as well as cyclic and linear structures during our ring closure step, 5.2
was carried forward without further purification (Scheme 5.1). Consequent hydrogenation
and deprotection of the OH groups provided a mixture of two dimers (symmetric (symDimer) and asymmetric (asym-Dimer) depending on the positions of the –OH groups on
the molecule) along with linear polymers in 20 % yield. At this point, the identity of the
two dimers were not predictable via 1H-NMR as both dimers showed similar 1H-NMR
spectrum. So, in order to shed light on the corresponding structures of the dimers, we grew
single crystals of one of the isomers which displayed more crystalline behavior. Analysis
of the corresponding crystal structure revealed the molecular structures of two dimers
(Figure 5.1).

Scheme 5.1. Non-Templated synthesis of cyclic dimers using Magnolol monomers. Due to
twisted structure of the monomers, the formation of random polymers was preferred.
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Figure 5.1. Structures of asym-Dimer obtained by single-crystal X-ray crystallography.

However, even in a very dilute condition, the yield for the dimer formation was
only 20%. Last but not least, we observed only a trace amount of the trimer ring which was
inseparable from mixture of linear polymers formed in the solution. This is in contrast to
previously reported148 non- templated synthesis of cyclic oligomers using flat monomers
in 64% yield (Figure 5.2). This most likely stems from the twisted structure of the
Magonlol monomer which surge the possibility of the formation of random linear
polymers instead of cyclic oligomers. However, as mentioned in the introduction section,
the main purpose of “exponential replication of oligomers” is to amplify the structures
which synthetically are challenging to be created. In this regard, the low yield of the dimer
formation led us to ponder the replication of the dimers with the intention of doubling their
amount during each replication cycle. For this reason, we obtained almost pure dimers from
the crude and applied them as the “mother” for the replication process (as described later
in this chapter).

Figure 5.2. Non-templated synthesis of cyclic structures using linear monomers.148

67

Having dimers in hand, next we decided to separate the trimer ring and potentially
larger rings from the crude mixture for the replication. However, only a trace amount of
trimer was observed which was inseparable from the linear polymers present in the crude.
Ultimately, we were able to apply a template-directed strategy to synthesize other ring
sizes, trimers to start with. The synthetic pathway for templated synthesis of trimer is
illustrated in the next section.
5.2.2. Template-Directed Synthesis of a Cyclic Trimer

Nature employs templated synthesis of macromolecules to express the shape, size
and functionality of key biological components. Over the past decade, there has been great
triumph toward mimicking “nature” to create cyclic macromolecules applying templatedirected synthesis. The current challenge is how to create single size cyclic rings in high
yields with a minimum number of steps. The majority of the previously reported
approaches has addressed this question by relying on the supramolecular interactions
between the template and the reactants to provide the proximity required for the formation
of the rings in moderate yields, wherein the template dictates the shape and size of the
newly formed macrocycle. However, the formation of other ring sizes as well as undesired
polymers limits this approach. For instant, in 2001, Grubbs and Stoddart have reported a
template-directed approach to create cyclic timer via non-covalent bonds between the
template and the monomers.149 H-bonds between the –NH2+– group on the template and
crown ethers on the reactants provides the required proximity between the reactants. After
applying RCM catalyzed by Grubb’s 2nd generation they obtained the desired cyclic trimer
in 55% yield in mixture with 22% dimer (Figure 5.3). There has been attempts to extend
68

the supramolecular templation strategy by insertion of metal centers on the monomers to
synthesize medium to large cyclic structures.19,

21

As described in chapter 1, a Zinc–

Porphyrin system is a great example of the application of a metal assisted synthesis of fully
conjugated nanorings. However, the final yield of the desired trimer obtained in this
manner is only 28% after removal of the template (Figure 5.3), mainly due to strong
interaction between the partners.19 Therefore, the presence of easily cleavable covalent
bonds between the template and the monomers is prerequisite for an efficient templatedirected synthesis. Ester linkages have been extensively used150-151 to connect the core unit
(Figure 5.3, shown in green) to the dendritic “wedges” (Figure 5.3, shown in purple).
Applying RCM to glue peripheral groups on the dendrimers together followed by removal
of the core gives a cyclic dendrimer which represents applications in delivery systems.

Figure 5.3. Comparison of the previously reported template-directed synthesis of cyclic rings.
Left part illustrated the supramolecular interaction between the template and the monomers.
Right part demonstrates the covalent attachment between the template and the monomer
including our work. As is shown, by applying a concave shaped template we can direct the
ring formation in high yield.
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Figure 5.4. Structures of syn.5.1 obtained by single-crystal X-ray crystallography.

In this scheme, since the monomers are not pre-organized and the branches are
flexible, a mixture of various compounds forms instead of a single structure based on
MALDI-MS and NMR.150-151 Herein, we combined solid-state heating enrichment of
atropisomers which offers the synthesis of a concave-shaped template with RCM strategy
to create cyclic trimers up to 88%. In other words, we designed a new route to covalently
attach the substrate to the template and apply the RCM to form a single sized ring
exclusively.
To synthesize the desired ring, we proposed to preorganize152 the Magnolol
monomers (S5.1) by the introduction of a concave shaped template. In our pursuit for a
potential candidate, we applied numerous templates including calix[4]153 and [6] as well as
D-(+)-Glucose and, hexahydroxytriphenylene. However, due to the twisted and bulky
structure of the monomer as well as lack of pre-organization in the resulting intermediates,
these attempts toward the synthesis of the trimer were not successful.
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Scheme 5.2. Synthesis of the concave shaped template.

Previously, in our endeavor toward the synthesis of Tet-1 (chapter 4), we have
examined the crystal structure of syn-5.1, with triglyme in syn-4.6 replaced with butane
chains due to crystallization issues attributed to flexibility of glycol chains. The main
purpose of this attempt was to inspect whether or not the directionality of the terminal
groups on syn-5.1 is suitable for cage formation. To reach this aim, we applied excess
amount of terephthalaldehyde instead of stoichiometric amount that we were using in our
way to synthesize Tet-1. As Figure 5.4 shows, the bowl-shaped structure of syn-5.1

Scheme 5.3. Templated Trimer synthesis.
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enforces all the three aldehyde terminals to arrange in the same direction which prompted
us to take advantage of this unique 3D orientation to create Tet-1.
The favorable orientation observed in syn-5.1 also inspired us to replace
dibenzaldehyde moieties with alkene terminated Magnolol monomers to induce the
formation of cyclic trimers in high yield.
We implemented this hypothesis by the synthesis of the amine terminated
intermediate syn-5.3, which was acquired from reacting the ester syn-5.2 with excess
ethylene diamine. The covalent attachment of the intermediate syn-5.3 with the Magnolol
monomer was carried out by coupling syn-5.3 with acetyl chloride S5.3Cl in the presence
of DMAP. The acid chloride substrate S5.3Cl contains cleavable ester groups for later
detachment of the formed cyclic ring and the template. Pure coupled product syn-5.4 was
obtained in 55% yield over two steps, as confirmed (see the Supplemental Information) by
high-resolution ESI mass spectrometry as well as 1H-NMR and 13C-NMR spectroscopy.
The following RCM on the substrate, hydrogenation and finally cleavage of the ester bonds
– to detach the resulting ring from the template – led to the formation of Trimer as a
mixture of two isomers: sym-Trimer and asym-Trimer in 88%. Having Trimer in hand,
currently we are investigating the selective amplification as well as exponential replication
of the Trimer.
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5.3. Replication of the Dimer

Scheme 5.4. Replication of the dimers.

The Replication cycle of the dimers was initiated (Scheme 5.4) by coupling symand asym-Dimer with the acyl chloride S5.3Cl. The product 5.4 was purified by column
chromatography over silica gel and was consequently subjected to i) RCM, ii)
hydrogenation, and iii) hydrolysis. Unexpectedly, upon our effort toward the replication of
the dimers, we observed stereoselectivity favoring sym isomer over the asym isomer. The
change of the NMR spectra starting from almost pure dimers through one replication cycle
is depicted in Figure 5.5. Panel (a) and (b) illustrate the change of the ratio of the two
isomers initiated from sym-Dimer and asym-Dimer respectively. In both cases, we
assumed that 50% of the final mixture comes from the template and also for the sake of
accuracy, we subtracted the traces of the opposite isomer present at the beginning of the
replication. Our primary yields after one replication cycle is summarized in table 5.1.
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Figure 5.5. Change of the 1H-NMR of the dimer mixtures before and after the replication. a)
Start from almost pure sym-Dimer. b) Start from almost pure asym-Dimer.

However, the overall yield of the replication still need to be optimized to reach
close to an “exponential replication” procedure. Furthermore, in order to gain a complete
picture of the replication accuracy and explain the acquired selectivity we aim to
complement the experimental measures with molecular modeling. This can be
accomplished by investigating the structure of the intermediates and elucidate the present
intramolecular interactions which are potentially dictating the selectivities.
Table 5.1. Ratio change of the dimer isomers after replication

Percentage of the
isomer after
replication

Start from symmetric
isomer

Start from asymmetric
isomer

Symmetric isomer

72.5

55.1

Asymmetric isomer

27.5

44.9
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5.4. Conclusions and Future Plans
This chapter describes our attempts toward the development of some new
bioinspired synthetic strategies including: (i) An efficient synthetic approach based on
template-directed synthesis of cyclic oligomers comprised of twisted monomers; Without
the introduction of the template, dominant formation of linear polymers mixed with dimers
has been observed. However, upon employment of a bowl-shaped template, transformation
of directionality and shape from the template to the monomers leads the monomers to
preorganize in the desired fashion. This straightforward approach opens up a new pathway
to create more complex biological macromolecules in a non-traditional fashion with
asymmetric monomers. Other templates for the synthesis of larger rings are currently under
investigation in our group. (ii) The first example of the replication of cyclic dimers in a
stereoselective manner; Our preliminary results demonstrate that our symmetric dimer gets
replicated more efficiently than its counterparts. In the future, molecular modeling and
experimental data will be integrated to gain a better understanding of the mechanism of the
replication cycle. This approach will be further expanded to the replication of more
complex systems including trimer and/or mixtures of various sized rings. The more
advanced approach is the implementation of porous materials like our molecular cage –
described on chapter 4 – fused with catalytic entities to enhance the replication efficiency
by providing a more confined space for the replication process. As we have already shown
in chapter 4, our cage has the potential to tune the folding of the polymers leading to
selective catalysis; A similar strategy can be applied for the catalytic replication of the
polymers inside the pore of the cage. In addition, the reduction of the freedom of the
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movement upon binding inside the cage can decrease the replication inaccuracy stemming
from random folding of linear and cyclic polymers.
Overall, our research can be the foundation to create advanced macromolecules
in more sustainable ways. Thus, our findings will likely allow for the creation of currently
inaccessible materials, which are needed to drive future technological advances in
materials science, energy, and biomedicine.

Figure 5.6. Potential of Tet-1 as a template to provide accuracy in replication of the polymer
chains.
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CHAPTER 6: EXPERIMENTAL PROCEDURES AND CHARACTERIZATION
DATA
6.1. General Experimental Information
All commercially available starting materials were purchased from Sigma Aldrich, Fisher
Scientific, or Oakwood Chemical. 2,4- Dimethoxyphenylboronic acid (6.4) was purchased
from Synthonix. When needed, tetrahydrofuran (THF), dichloromethane (CH2Cl2),
dimethylformamide (DMF), and toluene were dried using a Glass Contour solvent
purification system by SG Water USA, LLC. HPLC grade acetonitrile (CH3CN) and
Trifluoroacetic acid (TFA) were used as received from Fisher Scientific. Poly(isobutylenealt-maleic anhydride) was purchased from Sigma Aldrich. If necessary, air and/or moisture
sensitive reactions were carried out under an inert atmosphere of nitrogen. Removal of
solvents was accomplished on a Büchi R-210 rotary evaporator and further concentration
was attained under a Fisher Scientific Maxima C-Plus vacuum line. Column
chromatography was performed manually with Sorbent grade 60 silica with a mesh size
between 230-400 using a forced flow of indicated solvents, or automatically with a
Teledyne CombiFlash® Rf+ chromatography system. Preparative size exclusion
chromatography was performed with columns filled with Bio-Beads™ S-X1 Support
(200–400 mesh). DLS molecular weight measurements were performed on Zetasizer Nano
ZPS instrument, using a hellma quartz cuvette (ZEN2112) as described in detail in section.
VIII. All 1H-NMR spectra were recorded at 298 K on a Varian Unity Inova 500 (500 MHz)
spectrometer or on a Bruker ARX 500 (500 MHz) spectrometer. 13C-NMR spectra were
recorded on a Bruker ARX 500 (125 MHz) spectrometer. Samples for NMR spectroscopy
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were dissolved in CDCl3, CD2Cl2, DMSO-d6, or D2O. The spectra were referenced to the
residual solvent peak (CDCl3: 7.26 ppm for 1H- and 77.16 ppm for 13C-NMR; CD2Cl2: 5.32
ppm for 1H- and 53.5 ppm for 13C-NMR), or to tetramethylsilane (TMS, 0.00 ppm for 1Hand 13C-NMR) as the internal standard. Chemical shift values were recorded in parts per
million (ppm). Data are reported as follows: chemical shift, multiplicity (s = singlet, d =
doublet, t = triplet, q = quartet, m = multiplet, br = broad peak), coupling constants (Hz),
and number of protons. High resolution mass spectra were obtained on a Waters XEVO
G2-XS QTof in positive ESI mode. IR spectra were recorded in KBr with 8 cm–1 resolution
on SHIMADZU (Model: IRAffinity–1). Analytical thin layer chromatography (TLC) plates
were purchased from Fisher Scientific (EMD Millipore TLC Silica Gel 60 F254). High
resolution mass spectrometry data were obtained on Waters XEVO G2- XS QTof in
positive ESI mode. Powder X-ray diffraction (XRD) was performed on a Rigaku MiniFlex
II diffractometer using Cu radiation with the current and voltage of 30 kV and 15 mA,
respectively.

6.2. Experimental Procedures and Compound Characterization for Chapter 2
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Synthesis of dye 2.7: Perylene-3,4,9,10-tetracarboxylic dianhydride (2.5, 0.05 g, 0.127
mmol), methoxypolyethylene glycol amine (2.6, Mn = 1000 Da, 0.254 g, 0.254 mmol),
and zinc acetate (0.0236 g, 0.127 mmol) were mixed with imidazole (2.0 g, 29.4 mmol)
under a nitrogen atmosphere. The reaction mixture was heated for 24 h at 100 – 110 °C.
After cooling to room temperature, 1 N HCl (15 mL) was added to protonate all of the
imidazole, followed by stirring at room temperature for 1 h. The resulting solution was
extracted with CH2Cl2 four times, and the organic layer was dried over anhydrous MgSO4,
followed by evaporation of the solvent under reduced pressure. The crude product was
purified by flash chromatography over silica gel (eluent: 1:9 v/v MeOH–CH2Cl2) to afford
the dye 2.7 (75%) as a red solid.
Characterization Data for 2.7: 1H-NMR (500 MHz, CDCl3): δ = 8.71 (d, J = 8.0 Hz, 4
H), 8.67 (d, J = 8.0 Hz, 4 H), 4.47 (t, J = 6.1 Hz, 4 H), 3.86 (t, J = 6.1 Hz, 4 H), 3.52–3.76
(m, 152 H), 3.38 (s, 6 H).
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C-NMR (125 MHz, CDCl3): δ = 163.46, 134.70, 131.53,

129.46, 126.48, 123.33, 123.25, 72.07, 70.76, 70.75, 70.70 (br, multiple glycol peaks
overlapping), 70.65, 68.02, 59.17, 39.43. ESI-HRMS: m/z calcd for [C106H182N4O44]2+:
1107.6064 [M + 2NH4]2+; found: 1107.6013.
Measurements of the Association Constants
To determine the association constant for the 2.7@2.7 complex, 5.0 x10-3 mmol of the PDIdye 2.7 were dissolved in 240 µL of a 4:1 v/v CD3CN:D2O mixture and the solution was
titrated into 0.6 ml of the same solvent mixture. For each measurement series,
approximately nine 1H-NMR spectra were recorded. For the fitting of the association
constant, the concentrations of 2.7 were listed, together with the corresponding 1H-NMR
chemical shifts of representative protons. Next, those listings were entered into DynaFit,154
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which was used to obtain association constants and corresponding standard errors by fitting
to several representative

1

H-NMR resonances at the same time. A 1:1 binding

stoichiometry — which is also supported (see the main text) by DOSY-NMR data —
provided the best possible fit. When running DynaFit, the “titration” keyword was used,
which makes it possible to consider the dilution effects of titration experiments in an
accurate fashion. Plots (Figure S1) of the observed changes in chemical shifts vs. increasing
guest concentration are shown below, together with the non-linear least-squares fits
provided by DynaFit. The association constant Ka(2.4@2.7@2.7) for the formation of the
2.4@2.7@2.7 complex from the 2.7@2.7 dimer and 2.4 was measured in an analogous
fashion: In a vial, a solution of the molecular strip 2.4 (2.0 x 10-3 mmol) in 0.6 mL

Figure 6.1. Plots of the observed in
concentration of 2.7.

1

H-NMR chemical shifts upon increasing the

of the dye PDI-dye 7

deuterated solvents (4:1 CD3CN:D2O v/v) was prepared. In another vial, 10 equivalents of
the dye 2.7 were dissolved in 240 µL of the same solvent mixture. Then the solution of the
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dye 2.7 was titrated into the solution of the molecular strip 2.4 and the resulting 1H-NMR
spectra of the solution were recorded and analyzed as described in chapter 2.

Diffusion Ordered Spectroscopy (DOSY) 1H-NMR Experiments
NMR samples were prepared in a 4:1 v/v ratio of CD3CN:D2O, with TMS as the internal
reference. 1H and DOSY NMR experiments were acquired on a Varian Unity Inova 500
spectrometer, equipped with a HCN probe with Z-axis gradients, and a Highland
Technologies L700 gradient amplifier. 1H experiments were acquired using the ‘s2pul’
pulse sequence, with 16 scans, 16,384 data points per scan, and a relaxation delay of 2
seconds. The standard DOSY Varian pulse program ‘Dbppste’ was used, with a stimulated
echo sequence and bipolar gradient pulse pairs. The diffusion delay Δ, was set to 100ms,
with the diffusion gradient length δ at 4ms. Gradient strength was varied from 1.0
Gauss/cm (maximum signal) to 61.7 Gauss/cm (minimum signal) in 64 steps total, with 64
scans acquired for each gradient strength measurement and 16,384 data points per scan. A
relaxation delay of 10 sec was used, and all experiments were acquired at 25 ⁰C. DOSY
spectra were processed using Agilent’s VnmrJ 4.2 software, employing the discrete
approach for the inverse Laplace transform in the diffusion dimension. Baseline correction
was applied to each of the 64 slices before processing the diffusion dimension.
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Molecular Dynamics (MD) Simulations
Each complex construct contains a simulation box (5 Å~ 5 Å~ 5 nm3). All simulations
were performed with the OPLS2005 force field using the scalable MD software program
Desmond v3.0. Both equilibration and production runs were performed in the NPT
ensemble (300 K, 1 bar, Martyna- Tuckerman-Klein coupling with a time step of 2 fs. The
particle mesh Ewald technique was used for the electrostatic calculations. The van der
Waals and short-range electrostatics were cut off at 9.0 Å. The long-ranged electrostatics
were updated every third time step. Each unbiased simulation was 60 ns long. Data analysis
was performed with Maestro and VMD.
6.3. Experimental Procedures and Compound Characterization for Chapter 3

Experimental Procedures of Synthesis
Synthesis of syn- and anti-3.3. 2,4-Dimethoxyphenylboronic acid (3.6, 3.50 g, 19.2
mmol), 2,4,6- triiodomesitylene (3.5, 1.97 g, 3.95 mmol) and Ba(OH)2・8H2O (10.78 g,
34.2 mmol) were suspended in a mixture of diglyme (72 ml) and deionized water (15.4
ml). After purging with N2 for 10 mins, tetrakis(triphenylphosphine) palladium(0) (0.385
g, 0.33 mmol) was added to the reaction flask. Then — after further purging with N2 for 5
mins — the reaction mixture was warmed to 90 °C and stirred at that temperature for 48
hrs. Afterwards, the reaction mixture was cooled to room temperature and filtered. The
filtrate was extracted with CH2Cl2, washed with brine four times and concentrated under
reduced pressure. The crude product was purified by flash column chromatography over
silica gel (eluent: 0 to 30% EtOAc in CH2Cl2) to afford 1.78 g of a mixture of syn- and
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anti-3.3 as a colorless solid in 85% combined yield. Analytically pure syn-3.3 and anti-3.3
were obtained by separating a mixture of the two compounds with preparative TLC over
silica gel (eluent: CH2Cl2).
Characterization data for syn-3.3. 1H-NMR (500 MHz, CDCl3) δ 7.04 – 6.98 (m, 3H),
6.57 – 6.54 (m, 6H), 3.84 (s, 9H), 3.70 (s, 9H), 1.71 (s, 9H). 13C-NMR (125 MHz, CDCl3)
δ 159.85, 158.07, 135.49, 135.05, 131.73, 124.05, 104.65, 99.48, 55.84, 55.42, 18.87.
HRMS (ESI) calcd. for C33H37O6: m/z = 529.2590 [M + H]+; found: 529.2595. Mp 230–
235 °C.
Characterization data for anti-3.3. 1H-NMR (500 MHz, CDCl3) δ 7.15 – 7.12 (m, 1H),
7.07 – 7.04 (m, 2H), 6.56 – 6.53 (m, 6H), 3.85 (s, 9H), 3.74 (s, 9H), 1.70 (s, 6H), 1.69 (s,
3H).

13

C-NMR (125 MHz, CDCl3) δ 159.82, 159.80, 157.94, 157.89, 135.25, 135.20,

135.16, 134.99, 131.93, 131.79, 123.89, 123.81, 104.33, 104.18, 98.90, 98.70, 55.61,
55.54, 55.40, 18.80, 18.70. HRMS (ESI) calcd. for C33H37O6: m/z = 529.2590 [M + H]+;
found: 529.2588. Mp 182–188 °C.
Synthesis of 3.4a. 2,4-Dimethoxyphenylboronic acid (3.6, 600 mg, 3.30 mmol), 2,3,5,6tetraiodo-p- xylene (3.7, 300 mg, 0.49 mmol) and Ba(OH)2・8H2O (1.83 g, 5.79 mmol)
were suspended in a mixture of diglyme (13.2 ml) and deionized water (2.5 ml). After
purging with N2, tetrakis (triphenylphosphine) palladium (0) (60 mg, 0.051 mmol) was
added to the reaction flask. Then the reaction mixture was heated to 92 °C and stirred at
that temperature for 48 hrs. Afterwards, the reaction mixture was cooled to room
temperature, extracted with CH2Cl2, washed with brine four times, and concentrated under
reduced pressure. The crude product was purified by flash column chromatography over
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silica gel (eluent: 10% EtOAc in CH2Cl2) to afford 243 mg of a mixture of the
atropodiastereoisomers 3.4a–e as a light-yellow solid in 75% combined yield. As described
in detail below and in the main text, simply heating this mixture of atropodiastereoisomers
under an argon atmosphere in the solid state to 160 °C for ca. 45 days then afforded 3.4a
in over 90% purity. Analytically pure 3.4a was obtained from this almost pure sample of
3.4a with preparative TLC over silica gel (eluent: 10% EtOAc in CH2Cl2).
Characterization data for 3.4a. 1H-NMR (500 MHz, CDCl3) δ 6.84 (d, J = 9.0 Hz, 4H),
6.31 (d, J = 2.3 Hz, 4H), 6.23 (dd, J = 9.0, 2.3 Hz, 4H), 3.73 (s, 12H), 3.72 (s, 12H), 1.68
(s, 6H). 13C-NMR (125 MHz, CDCl3) δ 159.17, 157.62, 136.71, 133.44, 130.88, 124.35,
103.47, 97.73, 55.19, 55.11, 18.01. HRMS (ESI) calcd. for C40H43O8: m/z = 651.2958 [M
+ H]+; found: 651.2962.
General Procedure for the Equilibration of Atropisomers in Solution
In a pressure vessel with a Teflon screw cap, 10 mg of solid starting material was dissolved
in diglyme (1.0 ml) and the resulting solution was purged with argon for 2–3 mins. Next,
the sealed reaction vessel was heated to 160 oC with vigorous stirring until no further
changes in the atropisomer distribution were noted by 1H-NMR. The progress of
isomerization was monitored at different time intervals using the following procedure: The
reaction mixture was cooled to room temperature, an aliquot was taken out, diglyme was
evaporated, and all of the resulting solid was dissolved in CDCl3 for 1H-NMR analysis.
General Procedure for the Solid-State Amplification of Atropisomers
In a reaction vial with a Teflon screw cap, 7–10 mg of a solid mixture containing different
atropisomers was purged with argon for 2–3 minutes. Then the flask was sealed and heated
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to 160 oC. At different time intervals, the reaction flask was cooled to room temperature,
the solid was dissolved in CDCl3 and the corresponding 1H-NMR spectra were recorded.
Single Crystal X-Ray Diffraction
Intensity data were collected on a Bruker D8 Venture kappa diffractometer equipped with
a Photon 100 CMOS detector. An Iµs microfocus source provided the Cu Kα radiation (λ
= 1.54178 Å) that was monochromated with multilayer mirrors. The collection, cell
refinement and integration of intensity data was carried out with the APEX2 software.
Face-indexed absorption corrections were performed numerically with SADABS. The
structures were solved with the intrinsic phasing methods SHELXTfor syn-3.3 or with
direct methods SHELXS for 3.4a. All structures were refined with the full-matrix leastsquares SHELXL program. The resolution of the data collected for syn-3.3 was less than
ideal, so it was necessary to apply rigid bond restraints (esd 0.004) to the displacement
parameters for all the atoms in the structure to obtain a chemically reasonable structure
model.
Single crystals of syn-3.3 and 3.4a were grown by slow vapor diffusion of hexanes into
their CH2Cl2 solutions. CCDC 1533247 (syn-3.3) and 1533248 (3.4a) contain the
supplementary crystallographic data for this paper. These data can be obtained free of
charge from The Cambridge Crystallographic Data Centre. Crystal data for syn-3.3:
C33H36O6, colorless rod, Mr=528.62, crystal size 0.404x0.114x0.098 mm3, orthorhombic,
space group Pna21, a=24.4024(7), b=9.1476(3), c=25.1108(7) c, V=5605.3(3) c3, Z=8,
1calcd=1.253 mgmm@3, T=100(2) K, R1[F2>2s(F2)]=0.0801, wR2=0.1974. Out of
77378 reflections, a total of 8059 were unique. Crystal data for 3.4a: C40H42O8, colorless
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block, Mr=650.73, crystal size 0.277x0.239x0.189 mm3, monoclinic, space group P21/c,
a=8.2972(7), b=15.0457(12), c=13.5966(11) c, b= 99.113(3)8, V=1675.9(2) c3, Z=2,
1calcd=1.290 mgmm@3, T= 100(2) K, R1[F2>2s(F2)]= 0.0347, wR2=0.0858. Out of
34045 reflections, a total of 3065 were unique.

Figure 6.2. Time evolution of the 1H-NMR spectrum for a mixture of 3.4a–e at 160 °C in the
solid state.

Powder X-Ray Diffraction Analysis
To verify that polycrystalline samples of syn-3.3 and 3.4a had the same solid-state
supramolecular structures as the corresponding single-crystals grown (see footnote 16)
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from CH2Cl2/hexane solutions, we recorded the powder X-ray diffraction (PXRD) spectra
of heated, polycrystalline samples of syn-3.3 and 3.4a. For the PXRD analysis, pure
samples of syn-3.3 and 3.4a were heated to 160 oC for 48 hrs in the solid state prior to
recording the spectra. The resulting PXRD spectra were then compared (Figures 6.2) to
predicted PXRD patterns, calculated from the single-crystal structure data with the
Mercury software package.

Figure 6.3. Powder X-ray diffraction data for syn-3.3. and 3.4a.

6.4. Experimental Procedures and Compound Characterization for Chapter 4
Experimental Procedures of Synthesis
Synthesis of NH2-POI. Poly(isobutylene-alt-maleic anhydride) (𝛭 w = 6 kDa, 0.500 g,
0.083 mmol of polymer, 3.237 mmol of anhydride units) was dissolved in anhydrous DMF
(1.0 mL) while heating at 85 °C. In a different vial, octylamine (0.378 g, 2.925 mmol) was
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dissolved in anhydrous DMF (1.0 mL) at the same temperature. Next, the octylamine
solution was added to the polymer solution and the reaction mixture was stirred at 89 °C
for 24 hrs. The temperature was then increased to 125 °C for 2 hrs under a stream of dry
N2 to remove the water formed in the condensation reaction. Finally, the temperature was
increased further to 170 °C and the reaction mixture stirred for another hour at that
temperature under a stream of dry N2 to obtain an orange oil. Next, the crude sample
(739.85 mg, 0.0706 mmol) was dissolved in anhydrous DMF (2.0 mL), followed by
addition of excess 1,6-diaminohexane (75 mg, 0.64 mmol) and the reaction mixture was
heated at 71 °C for 45 hrs. The temperature was increased to 95 °C and the solvent was
evaporated over dry N2 for 2 hours. Finally, the crude reaction mixture was purified by size
exclusion chromatography over polystyrene beads (200–400 mesh) with CH2Cl2 as the
eluent to afford NH2-POI as a yellow viscous solid (773 mg, 0.0515 mmol) in 73% yield.
Based on elemental analysis, the percentages (defined in Scheme 4.2) of repeating units a,
b, c, d, and e were: a = 58.1%, b = 5.1%, c = 6.0%, d = 12.2%, and e = 18.7%.
Characterization data for NH2-POI. 1H-NMR (500 MHz, CDCl3) δ 3.60 – 2.41 (broad
m, 4H), 2.11 – 0.40 (broad m, 23H). IR (KBr) vOH of COOH and vNH of CONH / cm–1:
broad at 3315.6; DLS: 𝛭 w = 30 kDa, PDI = 1.42. Anal. calcd. for (C16H27NO2)a
(C16H29NO3)b (C14H24N2O2)c (C8H12O4)d (C22H32N2O4)e : C, 68.98; H, 9.45; N, 5.32. Found:
C, 68.98; H, 9.35; N, 5.35.

Synthesis of S4.2. The synthesis of S4.2 was carried out using conditions reported155
previously for the synthesis of 18-bromo-2,5,8,11-tetraoxaoctadecane: A mixture of
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triethylene glycol monomethyl ether (S4.1, 3.18 g, 19.40 mmol) and an aqueous sodium
hydroxide solution (1.6 g in 1.6 mL of water) was stirred at 100 °C under argon for 30 min.
The mixture was then added to 1,4-dibromobutane (8.42 g, 39.0 mmol) and the reaction
was stirred at 100 °C for 12 hrs. Next, the reaction mixture was cooled to room temperature,
and diluted with 100 mL of water. The resulting solution was extracted with EtOAc (3 × 75
mL), and the organic phases were combined and washed with water (1 × 100 mL) and brine
(1 × 100 mL). The organic layer was dried over anhydrous MgSO4, filtered, and evaporated
to dryness. Purification of the crude product was performed by column chromatography
over silica gel (eluent: 0 to 50 vol-% EtOAc in hexanes) to afford S4.2 (3.38 g,
14.750 mmol) as a colorless oil in 58% yield.
Characterization data for S4.2. 1H-NMR (500 MHz, CDCl3) δ 3.68 – 3.61 (m, 8H), 3.56
(ddd, J = 14.6, 6.1, 3.0 Hz, 4H), 3.49 (t, J = 6.3 Hz, 2H), 3.43 (t, J = 6.8 Hz, 2H), 3.37 (s,
3H), 1.98 – 1.90 (m, 2H), 1.76 – 1.67 (m, 2H). 13C-NMR (125 MHz, CDCl3) δ 72.2, 70.8,
70.8, 70.5, 70.4, 59.3, 34.0, 29.9, 28.4. HRMS (ESI) calcd. for C11H24BrO4: m/z = 299.0858
[M + H]+; found: 299.0858.

syn-4.1

syn-3.3

Synthesis of Syn-4.1. Syn-3.3 (0.71 g, 1.345 mmol) was dissolved in anhydrous DMF
(37 mL) followed by the dropwise addition of POCl3 (6.0 mL) at 0 °C. The reaction mixture
was warmed to room temperature and left stirring. After 20 hrs, the reaction was quenched
by adding 10 mL of a 1 N aqueous NaOH solution. The precipitated solid was filtered and
washed with deionized water to afford syn-4.1 (0.815 g, 1.330 mmol) as a colorless solid
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in 98% yield.
Characterization data for Syn-4.1. 1H-NMR (500 MHz, CDCl3) δ 10.30 (s, 3H), 7.54 (s,
3H), 6.52 (s, 3H), 3.99 (s, 9H), 3.86 (s, 9H), 1.65 (s, 9H). 13C-NMR (125 MHz, CDCl3) δ
188.3, 163.2, 162.9, 135.1, 134.5, 132.7, 123.6, 118.7, 94.8, 55.9, 55.8, 18.8. HRMS (ESI)
calcd. for C36H37O9: m/z = 613.2438 [M + H]+; found: 613.2441.
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syn-4.2

syn-4.1

Synthesis of Syn-4.2. Syn-4.1 (0.815 g, 1.330 mmol) was dissolved in 40 mL of anhydrous
CH2Cl2. A 1 M BCl3 solution in CH2Cl2 (20.0 mL) was then added dropwise to the reaction
mixture under an argon atmosphere. After stirring at room temperature for 24 hrs, 15 mL
of H2O was added to quench the reaction mixture. The resulting biphasic mixture was
extracted with CH2Cl2, the combined organic layers were dried over anhydrous MgSO4,
and concentrated under reduced pressure. The crude product was purified by flash column
chromatography over silica gel (eluent: 0 to 30 vol-% EtOAc in CH2Cl2) to afford syn-4.2
(0.68 g, 1.190 mmol) as a colorless solid in 89% yield.
Characterization data for Syn-4.2. 1H-NMR (500 MHz, CDCl3) δ 11.51 (s, 3H), 9.71 (s,
3H), 7.21 (s, 3H), 6.55 (s, 3H), 3.85 (s, 9H), 1.71 (s, 9H). 13C-NMR (125 MHz, CDCl3) δ
194.4, 164.4, 163.9, 135.9, 135.5, 134.3, 123.5, 115.0, 99.4, 56.1, 18.8. HRMS (ESI) calcd.
for C33H31O9: m/z = 571.1968 [M + H]+; found: 571.1970.
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syn-4.3

syn-4.2

Synthesis of Syn-4.3. Syn-4.2 (0.68 g, 1.190 mmol), glycol S4.2 (2.69 g, 7.140 mmol), and
K2CO3 (1.38 g, 10.0 mmol) were added to a round-bottomed flask containing anhydrous
DMF (15 mL) and the reaction mixture was stirred at 40 °C for 72 hrs. Then, the reaction
mixture was quenched by adding 50 mL of a 1 M aqueous HCl solution. The aqueous layer
was extracted with CH2Cl2 (3 × 30 mL) and the combined organic layers were washed with
brine (4 × 75 mL), dried over anhydrous MgSO4, filtered, and evaporated under reduced
pressure. Excess glycol was removed by column chromatography (eluent: 10 vol-% MeOH
in CH2Cl2) to afford syn-4.3 (1.24 g, 1.012 mmol) as a yellow oil in 85% yield.
Characterization data for Syn-4.3. 1H-NMR (500 MHz, CDCl3) δ 10.34 (s, 3H), 7.53 (s,
3H), 6.50 (s, 3H), 4.14 (t, J = 6.2 Hz, 6H), 3.83 (s, 9H), 3.65 – 3.52 (m, 42H), 3.36 (s, 9H),
1.96 (m, 6H), 1.81 (m, 6H), 1.63 (s, 9H).13C-NMR (125 MHz, CDCl3) δ 188.0, 163.1,
162.5, 134.9, 134.4, 131.7, 123.5, 118.5, 95.4, 71.9, 70.7, 70.6, 70.5, 70.4, 70.1, 68.4, 58.9,
55.8, 26.2, 26.0, 18.6. HRMS (ESI) calcd. for C66H97O21: m/z = 1225.6522 [M + H]+;
found: 1225.6537.
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syn-4.3

syn-4.4

Synthesis of Syn-4.4. Syn-4.3 (1.24 g, 1.010 mmol) was dissolved in a 1:1 CH3CN/DMSO
mixture (56 mL total volume) in a 250 mL round-bottomed flask. Next, a solution of
NaH2PO4 (1.2 g, 10 mmol) and NaClO2 (0.9 g, 10 mmol) in 13 mL deionized water was
added to the reaction mixture. After stirring at room temperature for 48 hrs, the CH3CN
was evaporated under reduced pressure and the reaction mixture was quenched by adding
30 mL of a 1 N aqueous HCl solution. Next, the water layer was extracted with CH2Cl2
(4 × 20 mL) and the combined organic phases were washed with brine (4 × 100 mL). After
drying over anhydrous MgSO4, the solvent was removed in vacuo and syn-4.4 (1.03 g,
0.810 mmol) was obtained as a yellow oil in 81% yield.
Characterization data for Syn-4.4. 1H-NMR (500 MHz, CDCl3) δ 7.87 (s, 3H), 6.58 (s,
3H), 4.31 (t, J = 6.5 Hz, 6H), 3.83 (s, 9H), 3.67 – 3.52 (m, 42H), 3.37 (s, 9H), 2.04 (m, J =
8.5, 6.6 Hz, 6H), 1.82 (m, J = 8.9, 6.2 Hz, 6H), 1.64 (s, 9H).13C-NMR (125 MHz, CDCl3)
δ 165.2, 161.9, 158.5, 136.7, 135.0, 134.3, 124.7, 110.5, 96.1, 72.0, 70.7, 70.7, 70.6, 70.6,
70.5, 70.2, 70.2, 59.1, 56.0, 26.2, 26.1, 18.8. HRMS (ESI) calcd. for C66H97O24: m/z =
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1273.6370 [M + H]+; found: 1273.6377.

syn-4.4

syn-4.5

Synthesis of Syn-4.5. MeOH (40 mL) was added to syn-4.4 (1.030 g, 0.810 mmol) in a
100 mL round-bottomed flask, followed by the dropwise addition of concentrated H2SO4
(1.0 mL). The reaction mixture was stirred under reflux for 24 hrs. After evaporation of
MeOH under reduced pressure, 1 N aqueous NaOH (10 mL) was added and the product
was extracted from the aqueous layer using CH2Cl2 (2 × 20 mL). Next, the combined
organic layers were dried over anhydrous MgSO4, filtered, and the solvent was removed in
vacuo. The resulting brown oil was purified by column chromatography over silica gel
(eluent: 15 vol-% MeOH in CH2Cl2) to afford syn-4.5 (0.745 g, 0.567 mmol) as a yellow
oil in 70% yield.

Characterization data for Syn-4.5. 1H-NMR (500 MHz, CDCl3) δ 7.60 (s, 3H), 6.53 (s,
3H), 4.11 (t, J = 6.3 Hz, 6H), 3.83 (s, 9H), 3.80 (s, 9H), 3.67 – 3.52 (m, 42H), 3.37 (s, 9H),
1.96 (m, 6H), 1.85 (m, 6H), 1.66 (s, 9H). 13C-NMR (125 MHz, CDCl3) δ 166.2, 161.2,
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160.3, 135.3, 135.2, 134.8, 122.8, 112.0, 97.0, 72.0, 71.0, 70.7, 70.7, 70.6, 70.1, 68.9, 59.1,
55.7, 51.6, 26.3, 26.2, 18.8. HRMS (ESI) calcd. for C69H106NO24: m/z = 1332.7128 [M +
NH4]+; found: 1332.7105.

syn-4.5

syn-4.6

Synthesis of Syn-4.6. Syn-4.5 (0.745 g, 0.567 mmol) was dissolved in 45 mL of a 1:2
THF/MeOH mixture in a 250 mL sealed heavy-wall glass reaction vessel. Next, the
solution was degassed with argon and hydrazine monohydrate (9.0 mL) was added. After
heating at 65 °C for 48 hrs under argon atmosphere, the solvent was evaporated under
reduced pressure (under a nitrogen atmosphere) and the resulting mixture was extracted
with CH2Cl2. The combined organic layers were washed with water (3 × 60 mL), dried
over MgSO4, filtered, concentrated under reduced pressure, and dried in vacuo to obtain
syn-4.6 (0.567 g, 0.431 mmol) as a yellow oil in 76% yield.

Characterization data for Syn-4.6. 1H-NMR (500 MHz, CDCl3) δ 8.79 (s, 3H), 7.92 (s,
3H), 6.52 (s, 3H), 4.19 (t, J = 6.6 Hz, 6H), 3.77 (s, 9H), 3.68 – 3.52 (m, 42H), 3.36 (s,
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10H), 2.04 – 1.96 (m, 6H), 1.80 (m, 6H), 1.65 (s, 9H). 13C-NMR (125 MHz, CDCl3) δ
166.0, 160.0, 157.0, 134.5, 134.2, 123.4, 112.3, 95.8, 71.5, 70.2, 70.2, 70.2, 70.1, 69.8,
68.7, 58.6, 55.5, 25.9, 25.8, 18.4. HRMS (ESI) calcd. for C66H103N6O21: m/z = 1315.7176
[M + H]+; found: 1315.7200.

Synthesis of Tet-1: Syn-4.6 (0.274 g, 0.208 mmol) was dissolved in 350 mL dry CH2Cl2,
and the solution was degassed with argon. Next, terephthalaldehyde (41.9 g, 0.312 mmol)
and HPLC grade TFA (24 µL, 0.313 mmol) were added consecutively, and the reaction
mixture was stirred at room temperature under an argon atmosphere. After 48 hrs, the acid
was neutralized with a saturated aqueous sodium bicarbonate solution (10 mL), the organic
layer was separated, and the aqueous phase extracted with additional CH2Cl2 (30 mL).
Finally, the combined organic extracts were washed with brine, dried over anhydrous
Na2SO4, filtered, and concentrated under reduced pressure. The crude product was purified
by size exclusion chromatography over polystyrene beads (200–400 mesh) with CH2Cl2 as
the eluent to afford Tet-1 (0.242 g, 0.0416 mmol) as an orange-yellow solid in 80% yield.

Characterization data for Tet-1. 1H-NMR (500 MHz, CD2Cl2) δ 11.08 (s, 12H), 8.26 (s,
12H), 7.99 (s, 12H), 7.84 (s, 24H), 6.64 (s, 12H), 4.33 (t, J = 6.6 Hz, 24H), 3.89 (s, 36H),
3.63 – 3.44 (m, 168H), 3.29 (s, 36H), 2.16 – 2.08 (m, 24H), 1.88 (m, 24H), 1.67 (s,
36H).13C-NMR (125 MHz, CD2Cl2) δ 162.0, 161.2, 157.9, 146.6, 136.5, 135.7, 135.5,
135.1, 128.3, 124.6, 113.7, 96.4, 72.4, 71.1, 71.0, 71.0, 71.0, 70.9, 70.8, 70.1, 59.1, 56.3,
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26.9, 26.9, 19.0. HRMS (ESI) calcd. for C312H425N24O84Na: m/z = 1170.9964 [M + 5H]5+;
found: 1170.9982.

S4.3

S4.4

Synthesis of S4.4. Methyl 2,4-dihydroxybenzoate (S4.3, 10.00 g, 59.50 mmol), K2CO3
(25.00 g, 181.0 mmol), and 25.5 mL bromohexane (30.00 g, 178.0 mmol) were dissolved
in a mixture of DMF and MeOH (12:1 volume ratio, 13 mL total volume) in a roundbottomed flask and the resulting solution was heated to 100 °C for 36 hrs. Afterwards, the
reaction mixture was cooled to room temperature and hexanes (300 mL) as well as a 1 N
aqueous NaOH solution (100 mL) were added. The hexane layer was washed with 1 N
aqueous NaOH (4 x 30 mL) and the combined organic fractions were dried over anhydrous
Na2SO4, filtered, and evaporated to dryness under reduced pressure to afford crude ester as
a colorless oil.
The obtained colorless oil (0.20 g, 0.590 mmol) was dissolved in a mixture of THF and
MeOH (1:2 volume ratio, 7.5 mL total volume) in a 12 mL sealed reaction vial. The
reaction mixture was degassed with argon and hydrazine monohydrate (2 mL) was added.
After heating to 63 °C for 48 hrs, the solvent was evaporated under reduced pressure under
a N2 atmosphere. The resulting solid was purified with preparative TLC over silica gel
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(eluent: 25 vol-% EtOAc in CH2Cl2), to afford S4.4 (68 mg, 0.20 mmol) as a yellow solid
in 34% yield over two steps.

Characterization data for S4.4. 1H-NMR (500 MHz, CDCl3) δ 8.87 (s, 1H), 8.14 (d, J =
8.7 Hz, 1H), 6.58 (dd, J = 8.8, 2.2 Hz, 1H), 6.46 (d, J = 2.3 Hz, 1H), 4.08 (t, J = 6.7 Hz,
2H), 3.99 (t, J = 6.5 Hz, 2H), 1.88 (m, 2H), 1.78 (m, 2H), 1.64 – 1.31 (m, 12H), 0.91 (td, J
= 6.9, 3.6 Hz, 6H). 13C-NMR (125 MHz, CDCl3) δ 167.0, 163.4, 158.6, 133.9, 113.0, 106.2,
100.2, 100.0, 69.4, 68.6, 31.9, 31.7, 29.4, 29.3, 26.1, 26.0, 22.9, 14.3. HRMS (ESI) calcd.
for C19H32N2O3: m/z = 337.2491 [M + H]+; found: 337.2495.
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Synthesis of Control. S4.4 (24.3 mg, 0.072 mmol) was dissolved in anhydrous CH2Cl2 (6
mL) in a 12 mL sealed reaction vial. The solution was degassed with argon and excess
benzaldehyde (5.85 mg, 0.144 mmol) was added. Next, HPLC grade TFA (3 µL, 0.015
mmol) was pipetted into the reaction mixture, which was then stirred at room temperature
for 5 hrs. Afterwards, the acid was neutralized with a saturated sodium bicarbonate solution
and the aqueous layer was extracted with CH2Cl2. The combined organic extracts were
washed with brine, dried over anhydrous Na2SO4, filtered, and concentrated under reduced
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pressure. The crude product was purified with preparative TLC over silica gel (eluent:
10 vol-% EtOAc in CH2Cl2) to afford Control (18.37 mg, 0.043 mmol) as a white solid in
60% yield.
Characterization data for Control: 1H-NMR (500 MHz, CDCl3) δ 10.97 (s, 1H), 8.27 (d,
J = 8.8 Hz, 1H), 8.11 (s, 1H), 7.84 – 7.71 (m, 2H), 7.45 – 7.35 (m, 3H), 6.62 (dd, J = 8.9,
2.2 Hz, 1H), 6.49 (d, J = 2.2 Hz, 1H), 4.17 (t, J = 6.4 Hz, 2H), 4.01 (t, J = 6.5 Hz, 2H),
2.04 – 1.93 (m, 2H), 1.85 – 1.73 (m, 2H), 1.65 – 1.28 (m, 12H), 0.92 (td, J = 7.0, 3.6 Hz,
6H). 13C-NMR (125 MHz, CDCl3) δ 163.6, 162.2, 158.2, 146.8, 134.6, 134.2, 130.3, 128.7,
127.7, 113.2, 106.4, 99.9, 69.5, 68.5, 31.7, 31.7, 29.4, 29.2, 26.2, 25.8, 22.8, 22.7, 14.2,
14.1. HRMS (ESI) calcd. for C26H36N2O3: m/z = 425.2804 [M + H]+; found: 425.2813.

S4.5

S4.6
NDB

Synthesis of nitrophenyl-3,5-dinitrobenzoate (NDB): To a solution of S4.5 (50 mg,
0.359 mmol) in anhydrous CH2Cl2 (10 mL) was added DMAP (44 mg, 0.359 mmol) and
the resulting mixture was stirred under an argon atmosphere at 0 °C for 30 minutes. Next,
a solution of S4.6 (82.86 mg, 0.359 mmol) in anhydrous CH2Cl2 (10 mL) was added slowly
at 0 °C and the reaction mixture was stirred overnight at room temperature. The reaction
mixture was quenched with a 10 % aqueous HCl solution, extracted with CH2Cl2, and the
combined organic phases were washed with brine (3 x 5 mL), dried over anhydrous
Na2SO4, filtered, and evaporated to dryness under reduced pressure to yield NDB as a crude
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white solid. The product was purified with chromatography over silica gel (eluent: 20 vol% Hexanes in CH2Cl2) in to afford NDB (145 mg, 0.345 mmol) in 96% yield.
Characterization data for NDB. 1H-NMR (500 MHz, CDCl3) δ 9.39 – 9.30 (m, 3H), 8.43
– 8.31 (m, 2H), 7.52 – 7.47 (m, 2H). 13C-NMR (125 MHz, CDCl3) δ 160.5, 154.577560,
149.1, 146.3, 132.4, 130.1, 125.8, 123.60, 122.4. NDB was unstable in our mass
spectrometer. For this reason, we derivatized NDB to obtain a high-resolution mass
spectrum, by reacting it with octylamine to form 3,5-dinitro-N-octylbenzamide.
Characterization data for 3,5-dinitro-N-octylbenzamide. 1H-NMR (500 MHz, CDCl3)
δ 9.18 (t, J = 2.1 Hz, 1H), 8.97 (d, J = 2.1 Hz, 2H), 3.52 (m, J = 7.4, 5.8 Hz, 2H), 1.71 –
1.61 (m, 2H), 1.42 – 1.23 (m, 10H), 0.89 – 0.83 (m, 3H). 13C-NMR (125 MHz, CDCl3) δ
162.9, 148.7, 138.3, 127.3, 121.0, 41.02, 31.9, 29.5, 29.36, 29.3, 27.1, 22.7, 14.2. HRMS
(ESI) calcd. for C69H73N6O12: m/z = 322.1403 [M - H]-; found: 322.1407.
Sample Preparation and Measurements of Rate Constants
For all kinetic measurements, stock solutions of all reagents in CD2Cl2 were prepared in
advance and used promptly. The stock solutions were stored at –10 oC in sealed vials under
an argon atmosphere. All volumetric measurements were performed with Rainin Positive
Displacement (MR-10, -100, -1000) micropipettes, which are optimized for organic
solvents with low vapor pressures like CD2Cl2. The concentrations of reagents in the stock
solutions were calibrated by 1H-NMR integration and comparison of the integrals with the
integral of 1,2,4,5-tetrabromobenzene as the internal standard. For each time-dependent
1

H-NMR experiment, the active ester (NDB) was added last to the reaction mixtures and

the addition time of NDB is reported as the start time of the experiments. The progress of
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the aminolysis reactions was monitored by integrating (Figures 6.3 – 6.6) the 1H-NMR
resonance at 6.9 ppm, which corresponds to p-nitrophenol formed (Scheme 3) upon
aminolysis of the NDB active ester. Absolute concentrations of the p-nitrophenol in all the
samples were obtained by comparing the integrations of the p-nitrophenol resonances to
the integrations of the internal 1,2,4,5-tetrabromobenzene standard. The p-nitrophenol
concentration at t = 0 was set to zero by subtracting the small amount of residual pnitrophenol present at the beginning of the reaction. Then, from the corrected p-nitrophenol
concentration and the initial amine concentration ([amine]0 = 0.63 x 10-3 mM), the
concentrations of the remaining amino groups ([amine]) on the NH2-POI polymers were
calculated for each time point, by subtracting the amount of p-nitrophenol formed from the
initial amine concentration.
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Stacked 1H-NMR spectra showing reaction progress for acylation of NH2-POI with
nitrophenyl-3,5-dinitrobenzoate (NDB).

Figure 6.4. Stacked 1H-NMR spectra (500 MHz, CD2Cl2, 298 K) showing reaction progress
for the Tet-1-catalyzed acylation of NH2-POI with nitrophenyl-3,5-dinitrobenzoate (NDB).
All integrals of the internal standard (1,2,4,5,-tetrabromobenzene, TBB) were set to 2.00.
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Figure 6.5. Stacked 1H-NMR spectra (500 MHz, CD2Cl2, 298 K) showing reaction progress
for the Triglyme-catalyzed acylation of NH2-POI with nitrophenyl-3,5-dinitrobenzoate
(NDB). All integrals of the internal standard (1,2,4,5,-tetrabromobenzene, TBB) were set to
2.00.
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Figure 6.6. Stacked 1H-NMR spectra (500 MHz, CD2Cl2, 298 K) showing reaction progress
for the Control-catalyzed acylation of NH2-POI with nitrophenyl-3,5-dinitrobenzoate (NDB).
All integrals of the internal standard (1,2,4,5,-tetrabromobenzene, TBB) were set to 2.00.
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Figure 6.7. Stacked 1H-NMR spectra (500 MHz, CD2Cl2, 298 K) showing reaction progress
for the uncatalyzed acylation of NH2-POI with nitrophenyl-3,5-dinitrobenzoate (NDB). All
integrals of the internal standard (1,2,4,5,-tetrabromobenzene, TBB) were set to 2.00.
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DOSY Competition Experiments
For the DOSY 1H-NMR competition experiments, two NMR reaction mixtures were
prepared and reaction progress was monitored following the same procedure as for the rate
measurements described above. Both reactions were equalized as described in detail in
Figure 4.5 (caption) at exactly 24% conversion (measured based on the integration of the
p-nitrophenol 1H-NMR resonance at 6.9 ppm). In order to minimize further reaction
progress while recording the DOSY 1H-NMR spectra, the DOSY 1H-NMR spectra were
recorded with 30 increments in 20–25 minutes. The diffusion delay Δ, was set to 60 ms,
with the diffusion gradient length ẟ at 3 ms, which required 32 scans for each gradientstrength measurement.

Data and Software Availability
Raw data for (i) compound characterization (1H and 13C-NMR, MS, IR, and DLS), (ii) the
1

H-NMR-based kinetic measurements, as well as (iii) the MD simulations (MD

trajectories) are available freely from the Mendeley Data Repository: For a draft Mendeley
Data set containing our compound characterization raw data as well as the 1H-NMR raw
data

of

our

rate

measurements

see:

https://data.mendeley.com/datasets/tnk3xndjsb/draft?a=2555c52a-a966-4fc7-9a83c6614cdab5ea
Diffusion Ordered Spectroscopy (DOSY)
The NMR samples for DOSY 1H-NMR spectroscopy were prepared in CD2Cl2 at room
temperature, with TMS as the internal reference. The DOSY 1H-NMR spectra were
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acquired on a Varian Unity Inova 500 spectrometer, equipped with a HCN probe with Zaxis gradients, and a Highland Technologies L700 gradient amplifier. The standard DOSY
Varian pulse program. ‘Dbppste’ was used, with a stimulated echo sequence and bipolar
gradient pulse pairs. All experiments were acquired at 25 ºC and DOSY spectra were
processed using Agilent’s VnmrJ 4.2 software, employing the discrete approach for the
inverse Laplace transform in the diffusion dimension.
DOSY of Tet-1. Based on the DOSY 1H-NMR spectrum of Tet-1, the average diffusion
constant for the protons attached to Tet-1 equals ca. 5.6 × 10-10 m2s–1. By applying the
Stokes-Einstein equation, this diffusion constant translates into a hydrodynamic radius of
ca. 1.1 nm, assuming a viscosity of 0.41 centipoise for the CD2Cl2 solvent employed.

Figure 6.8. DOSY 1H-NMR (500 MHz, CD2Cl2, 298 K) spectrum of Tet-1.
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IR Spectrum of NH2-POI

Figure 6.9. IR Spectrum of NH2-POI

Testing the Stability of Tet-1 Upon Heating in the Presence of Water
To investigate the hydrolytic stability of Tet-1, we dissolved Tet-1 (2.3 mg,
3.93 × 104 mmol) in a 90:10 vol-% mixture (440 µL) of DMSO-d6 and D2O. The 1H-NMR
of the solution was then recorded and the mixture heated at 80 ºC for five hours. We
observed (Figure S10) no changes in the 1H-NMR spectrum of Tet-1, which indicates the
Tet-1 is stable in the presence of water, even at elevated temperatures.
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Figure 6.10. Testing the stability of Tet-1 upon heating in water.

1
1

H-NMR Rate Measurements

H-NMR rate measurements were performed as detailed in the experimental procedures

section. All 1H-NMR spectra (with integrals of the key p-nitrophenol resonance used to
monitor the progress of the reactions) are shown below.
Derivation of Rate Equations
Our kinetic data shows that plots of [amine]–1 vs. reaction time (Figure 4.5b) are linear for
all the samples and therefore the reactions are all second order in the amine-concentration.
The amino groups on the polymer are therefore not just acting as the reagent for aminolysis,
but also as catalysts to deprotonate the tetrahedral amine-adducts. Given this information,
we can write the Michaelis-Menton equation for our glyme-catalyzed aminolysis reactions
in the low-substrate limit as:
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𝑵𝑫𝑩 [𝑐𝑎𝑡]3 [𝑎𝑚𝑖𝑛𝑒]8

(Eq. 6.1)

In Equation 6.1, [amine] is the total concentration of amino groups on all the polymer
chains, kcat/KM is the catalytic efficiency, [cat]0 is the initial concentration of the
organocatalyst, and [NDB] is the concentration of the active ester. For all our experiments
a large excess (13.2 equivalents, based on the total amine concentration) of active ester was
used and the same initial amount of active ester was added to all experiments. Therefore,
we can approximate the NDB concentration to remain constant during the aminolysis
reactions, and, with [NDB]0 defined as the initial concentration of the active ester, we can
further simplify the rate law as:

"[$%&'(]
"*

=

:;$*
<=

[𝑵𝑫𝑩]3 [𝑐𝑎𝑡]3 [𝑎𝑚𝑖𝑛𝑒]8

(Eq. 6.2)

Finally, we define the observed rate constant kobs as:

𝑘𝑜𝑏𝑠 =

𝑘𝑐𝑎𝑡
[𝑵𝑫𝑩]0
𝐾𝑀

(Eq. 6.3)

Which leads to the following simplified rate equation:

"[$%&'(]
"*

= 𝑘-./ [𝑐𝑎𝑡]3 [𝑎𝑚𝑖𝑛𝑒]8

(Eq. 1)
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For the control reaction without any catalyst added, we define the rate constant k’obs of the
reaction in an analogous manner:

"[$%&'(]
"*

9
= 𝑘-./
[𝑎𝑚𝑖𝑛𝑒]8

(Eq. 2)

MD Simulations
In order to verify our proposed model for the observed kinetic behavior of Tet-1, we
employed 800-ns MD simulations with the OPLS3e force field in explicit CH2Cl2 solvent.
The MD simulations (i) explain the outcome of the DOSY 1H-NMR spectra shown in
Figure 4.3. Specifically, the NH2-POI polymer unfolds upon binding to Tet-1 and it
increases (Figure 4.4) in size during that process. (ii) The MD simulations also shed light
on the alteration of the supramolecular interactions present within the polymer upon
binding to Tet-1. As shown in Figure 6.11, the number of intramolecular hydrogen bonds
folding up the polymer decreases by binding to Tet-1 as these intra-polymer hydrogen
bonds get replaced with hydrogen bonds formed between Tet-1 and the polymer.

Model Preparation
All models were constructed using the Maestro program (20182 release). Tet-1 and [NH2POI@Tet-1] systems were simulated in periodic simulation boxes of ~121 × 121 × 121 Å3
and ~67 × 67 × 67 Å3, respectively, with CH2Cl2 molecules as the solvent. Each construct
went through minimization, equilibration, and either 100-ns, 250-ns, or 800-ns MD
production stages, depending on convergence speed. At least two replicas with differing
random seeds were run for all simulations.
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Simulation setup and analysis
Each model was simulated in the NPT ensemble (300 K, 1 atm, Martyna-Tuckerman-Klein
coupling scheme) using the OPLS3156 or the OPLS3e force field. All simulations were
performed in the Maestro-Desmond program (GPU version 5.4) with a time step of 2 fs.
The Ewald technique was used for the electrostatic calculations. The Van der Waals and
short-range electrostatics were cut off at 9 Å. Hydrogen atoms were constrained using the
SHAKE algorithm. MD trajectories were analyzed using in-house python scripts and the
Schrödinger (2018-2 release) API.

Figure 6.11. Plots of the overall number of intramolecular hydrogen bonds in a prototypical
NH2-POI polymer chain as a function of time plotted with and without Tet-1. The plots were
generated from trajectories of 800 ns-long all-atom molecular dynamics (MD) simulations in
explicit solvent. This figure clearly shows that the overall numbers of intramolecular
hydrogen bonds of NH2-POI reduces when bound to Tet-1, which is in agreement with the
rgyr simulation results shown in Figure 4.4. The observed increase in size shown in Figure 4
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is mostly caused by the formation of hydrogen bonds between the polymer and Tet-1, which
help to unfold the polymer.

Measurement of Molecular Weight (MW) of NH2-POI with a Zetasizer
NH2-POI kept getting stuck on GPC columns. Therefore, we determined the molecular
weight of NH2-POI with an alternative, well-established,157 DLS-based technique. We
followed a general procedureS3 implemented in the Malvern Zetasizer software by
preparing four polymer samples with different concentrations in anhydrous CH2Cl2 (Table
1). Next, we performed direct size measurements and obtaining the total photon count rate
(Kcps) for each measurement. Some aggregation of the polymer was observed (likely due
to intermolecular hydrogen bonding between different polymer chains, as discussed in the
main text), and for this reason, the Kcps of the DLS peak corresponding to the nonaggregated polymer chains was calculated by multiplying the total Kcps value by the
intensity (percentage) of the peak corresponding to single polymer chains. Table 6.1 lists
the photon counts obtained in this manner at different polymer concentrations.
Table 6.1. Polymer concentrations and corresponding Kcps values used to determine the
molecular weight of NH2-POI.

Polymer Concentration / mg mL–1

Avg. Photon Count Rate (Kcps)a

0.67

58 ± 4.6

1.33

86 ± 2.3

2.66

146 ±13.5

5.30

227 ± 9.6
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a

Avg. Count rate and error bars (= standard deviation) were calculated from three DLS measurements carried

out for each concentration.

Finally, the molecular weight was determined with a Debye plot158 (Figure 6.12) which
resulted in a 𝛭 w of 30 kDa. Please note that the 𝛭 w of NH2-POI is significantly larger
than the 𝛭 w (9 kDa) of POI due to the cross-linking (discussed in the main text) of
different polymer chains by diaminohexane units.

Figure 6.12. Debye plot for NH2-POI in CH2Cl2 with Toluene as the standard. Other
parameters used for the plot were: The refractive index for the solvent (CH2Cl2): 1.426; The
average Kcps for blank (CH2Cl2): 273; The Rayleigh Ratio (dn/dc): 0.105.

6.5. Experimental Procedures and Compound Characterization for Chapter 5

Synthesis of S5.2: Magnalol S5.1 (1g, 0.00375 mol), bromobutane (0.45 ml, 0.00413
mol), and K2CO3 (0.75 g, 0.00542 mol) were added to a round-bottomed flask containing
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anhydrous DMF (10 mL) and the reaction mixture was stirred at 60 °C for 48 hrs.
Afterwards, the reaction mixture was quenched by adding 5 ml of a 1 N aqueous HCl
solution. The aqueous layer was extracted with CH2Cl2 (3 × 10 mL) and the combined
organic layers were washed with brine (4 × 30 mL), dried over anhydrous MgSO4, filtered,
and evaporated under reduced pressure to obtain a brown oil crude product. The resulting
brown oil was purified by column chromatography over silica gel (eluent: 30 vol-% CH2Cl2
in Hexanes) to afford S5.2 (0.64 g, 0.00198 mol) as a colorless oil in 53% yield.
Characterization data for S5.2: 1H-NMR (500 MHz, Chloroform-d) δ 7.22 – 7.09 (m,
4H), 7.05 – 6.89 (m, 2H), 6.58 (s, 1H), 6.00 (dddt, J = 16.8, 13.4, 10.1, 6.7 Hz, 2H), 5.22
– 4.92 (m, 4H), 4.04 (t, J = 6.6 Hz, 2H), 3.40 (t, J = 6.2 Hz, 4H), 1.82 – 1.63 (m, 2H), 1.51
– 1.25 (m, 2H), 0.91 (t, J = 7.4 Hz, 3H).
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C-NMR (126 MHz, CDCl3) δ 153.4, 152.3,

138.0, 137.5, 134.0, 132.7, 132.3, 131.3, 129.2, 129.1, 128.0, 126.5, 117.7, 115.9, 115.5,
113.5, 69.8, 39.5, 39.4, 31.2, 19.1, 13.8. HRMS (ESI) calcd. for C22H26O2: m/z = 323.2011
[M + H]+; found: 323.2007.

Synthesis of 5.1: In a round bottom flask, S5.2 (4.7 g, 0.0146 mol) was dissolved in 30 ml
acetic anhydride, followed by addition of DMAP (5.35 g, 0.0437 mol). The solution was
stirred at room temperature under N2 atmosphere for 48 hrs and then the solvent was
evaporated under reduced pressure. The reaction mixture was quenched by adding 30 ml
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of a 1 N aqueous HCl solution and the aqueous layer was extracted with CH2Cl2 (3 × 30
mL). The combined organic layers were washed with brine (4 × 75 mL), dried over
anhydrous MgSO4, filtered, and evaporated under reduced pressure to obtain a brown oil
crude product. The crude brown oil was purified by flash column chromatography over
silica gel (eluent: 30 to 50 vol-% CH2Cl2 in Hexanes) to afford 5.1 (0.68 g, 1.190 mmol)
as a colorless oil in 85% yield.
Characterization data for 5.1: 1H-NMR (500 MHz, Chloroform-d) δ 7.23 (d, J = 2.2 Hz,
1H), 7.19 (dd, J = 8.3, 2.2 Hz, 1H), 7.15 – 7.08 (m, 2H), 7.04 (d, J = 2.3 Hz, 1H), 6.90 (d,
J = 8.3 Hz, 1H), 6.00 (dtt, J = 16.7, 10.0, 6.7 Hz, 2H), 5.17 – 4.97 (m, 4H), 3.90 (t, J = 6.5
Hz, 2H), 3.43 (d, J = 6.8 Hz, 2H), 3.36 (d, J = 6.7 Hz, 2H), 2.03 (d, J = 0.8 Hz, 3H), 1.72
– 1.50 (m, 2H), 1.34 (h, J = 7.4 Hz, 2H), 0.88 (t, J = 7.4 Hz, 3H). 13C-NMR (126 MHz,
CDCl3) δ 169.4, 154.8, 146.6, 137.8, 137.2, 137.1, 131.9, 131.8, 131.4, 131.3, 128.9, 128.2,
126.9, 122.2, 116.0, 115.5, 112.7, 68.6, 39.7, 39.4, 31.2, 20.9, 19.1, 13.8. HRMS (ESI)
calcd. for C24H28O3: m/z = 365.2117 [M + H]+; found: 365.2106.

Synthesis of S5.3: A mixture of S5.1 (0.99 g, 0.00307 mol) and DMAP (0.56 g, 0.0046)
was dissolved in 20 ml anhydrous CH2Cl2. The mixture was stirred at room temperature
for 30 minutes. Next, succinic anhydride (0.615 g, 0.00614 mol) was added and the mixture
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was stirred at room temperature. After 5 days, the reaction mixture was quenched with 10
% aqueous HCl solution (10 ml), extracted with EtOAc and the combined organic phases
were washed with brine (4 x 30 mL), dried over anhydrous Na2SO4, filtered, and
evaporated to dryness under reduced pressure to yield a crude yellow oil. The product was
purified with chromatography over silica gel (eluent: 10 to 40 vol-% EtOAc in CH2Cl2) in
to afford S5.3 (1.092g, 0.00258 mmol) in 84% yield.
Characterization data for S5.3. 1H-NMR (500 MHz, Chloroform-d) δ 7.19 – 7.14 (m,
2H), 7.10 (dd, J = 8.4, 2.4 Hz, 2H), 7.07 (d, J = 8.1 Hz, 1H), 6.99 (d, J = 2.3 Hz, 1H), 6.87
(d, J = 8.4 Hz, 1H), 5.97 (dtt, J = 16.7, 9.9, 6.7 Hz, 2H), 5.13 – 5.01 (m, 4H), 3.86 (t, J =
6.5 Hz, 2H), 3.40 (d, J = 6.8 Hz, 2H), 3.33 (d, J = 6.7 Hz, 2H), 2.61 – 2.52 (m, 4H), 1.63
– 1.48 (m, 2H), 1.34 – 1.22 (m, 2H), 0.84 (t, J = 7.4 Hz, 3H).13C-NMR (126 MHz, CDCl3)
δ 177.9, 170.5, 154.9, 146.6, 137.9, 137.3, 132.0, 131.9, 131.4, 131.4, 129.1, 128.4, 127.0,
122.2, 116.1, 115.6, 112.9, 68.8, 39.8, 39.4, 31.3, 29.0, 28.9, 19.2, 13.9. HRMS (ESI) calcd.
for C26H30O5: m/z = 461.1730 [M + H]+; found: 461.1721.
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Synthesis of dimers

The synthesis of the dimers was performed in three steps and due to messy NMRs and
sophisticated purification steps – this stems from the presence of various cis/trans isomers
as well as linear polymers in the crude – we purified the crude with chromatography over
silica gel merely at the end of third step.
Step 1. A solution of 5.1 (0.48 g, 0.00131 mol) in anhydrous CH2Cl2 (330 ml) was degassed
with argon for 15 minutes before Grubbs 2nd catalyst (80 mg, 9.7 x 10-5 mol) was added.
Next, the reaction was heated at 38 °C under strong nitrogen flow with an outlet to release
the ethylene gas formed during the reaction. After 3 days, the Grubbs 2nd catalyst was
quenched by adding Ethylvinyl ether and the solvent was evaporated to dryness under
reduced pressure to obtain crude 5.2 as a brown oil.
Step 2. The resulting crude product from step 1 was dissolved in anhydrous THF (20 ml)
and one-tip of spactula Raney nickel was added to the solution. The reaction was stirred in
a high pressure reaction chamber for 18 hrs at room temperature. Next, the catalyst was
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filtered over celite and the solvent was evaporated under reduced pressure. The reaction
mixture was redissolved in CH2Cl2 and washed with brine (3 × 30 mL) to obtain crude
product 5.3 as a yellow oil.
Step 3. Lastly, MeOH (15 ml) was added to the crude product from step 2, followed by the
addition of K2CO3 (150 mg, 0.00108 mmol). The reaction mixture was stirred at 48 °C for
24 hrs. After evaporation of MeOH under reduced pressure, 5ml of a 1 N aqueous HCl
solution was added and the product was extracted from the aqueous layer using CH2Cl2
(2 × 20 mL). Next, the combined organic layers were dried over anhydrous MgSO4,
filtered, and the solvent was removed in vacuo. The product was purified with
chromatography over silica gel (eluent: 60 vol-% CH2Cl2 in Hexanes) in to afford a mixture
of crude dimers in 20% percent yield.

Characterization data for dimers:
asym-Dimer: 1H-NMR (500 MHz, Chloroform-d) δ 7.20 – 7.10 (m, 4H), 7.07 (dd, J = 8.2,
1.9 Hz, 2H), 7.03 (d, J = 2.2 Hz, 2H), 6.93 (t, J = 8.5 Hz, 4H), 6.51 (s, 2H), 4.00 (t, J = 6.6
Hz, 5H), 2.70 – 2.61 (m, 8H), 1.78 – 1.66 (m, 12H), 1.37 (m, 4H), 0.87 (t, J = 7.4 Hz, 6H).
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C-NMR (126 MHz, CDCl3) δ 153.1, 152.0, 136.4, 134.6, 132.2, 130.7, 129.3, 129.1,

127.8, 126.4, 117.8, 113.6, 69.8, 34.7, 34.7, 31.3, 30.1, 30.1, 19.2, 13.9. HRMS (ESI) calcd.
for C40H48O4: m/z = 593.3631[M + H]+; found: 593.3635.
sym-Dimer: 1H-NMR (500 MHz, Chloroform-d) δ 7.17 – 7.10 (m, 4H), 7.07 (d, J = 8.4
Hz, 2H), 7.03 (d, J = 2.0 Hz, 2H), 6.93 (t, J = 8.9 Hz, 4H), 6.54 (s, 2H), 3.99 (t, J = 6.6 Hz,
4H), 2.65 (d, J = 6.1 Hz, 8H), 1.80 – 1.61 (m, 12H), 1.36 (h, J = 7.3 Hz, 4H), 0.87 (t, J =
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7.4 Hz, 6H). 13C-NMR (126 MHz, CDCl3) δ 153.0, 151.8, 136.1, 134.6, 131.9, 130.7,
129.1, 128.9, 127.8, 126.3, 117.6, 113.6, 77.3, 77.2, 77.0, 76.7, 69.8, 34.6, 34.5, 31.2, 30.0,
29.8, 19.0, 13.7. HRMS (ESI) calcd. for C40H48O4: m/z = 593.3631[M + H]+; found:
593.3639.

Trimer Synthesis

Synthesis of Syn-S5.1. Syn-4.2 (0.500 g, 0.876 mmol), bromobutane (0.67 ml, 6.30 mmol),
and K2CO3 (1.21 g, 8.760 mmol) were added to a round-bottomed flask containing
anhydrous DMF (10 mL) and the reaction mixture was stirred at 40 °C for 72 hrs.
Afterwards, the reaction mixture was added dropwise into a 1 N aqueous HCl solution
(30 mL) and the formed precipitate was filtered to afford Syn-S5.1 (0.580 g, 0.788 mmol)
as a colorless solid in 90% yield.
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Characterization data for Syn-S5.1. 1H-NMR (500 MHz, CDCl3) δ 10.36 (s, 3H), 7.55
(s, 3H), 6.50 (s, 3H), 4.12 (t, J = 6.3 Hz, 6H), 3.84 (s, 9H), 1.87 (m, 6H), 1.64 (s, 9H), 1.59
– 1.53 (m, 6H), 1.01 (t, J = 7.4 Hz, 9H). 13C-NMR (126 MHz, CDCl3) δ 188.2, 163.2,
162.8, 135.0, 134.5, 131.9, 123.6, 118.8, 95.5, 68.4, 55.9, 31.3, 19.4, 18.8, 13.9. HRMS
(ESI) calc. for C45H55O9: m/z = 739.3846 [M + H]+; found: 739.3859.

Synthesis of Syn-5.2. Syn-S5.1 (0.580 g, 0.788 mmol) was dissolved in a 2:1 vol-%
CH3CN/DMSO mixture (30 ml) in a 200 ml round-bottomed flask. Next, a solution of
NaH2PO4 (0.96 g, 8.0 mmol) and NaClO2 (0.870 g, 9.61 mmol) in deionized water (8 ml)
was added and the reaction mixture was stirred at room temperature. After 48 hrs, the
CH3CN was evaporated under reduced pressure, and a 1 N aqueous HCl solution (30 ml)
was added at 0 °C. The precipitate which formed was filtered and – to esterify all the acid
functional groups – dissolved in MeOH (16 ml) in a 100 ml round-bottomed flask.
Concentrated H2SO4 (1.0 ml) was added dropwise and the reaction was left stirring under
reflux for 24 hrs. Finally, the MeOH was evaporated under reduced pressure and the acid
neutralized with 1 N aqueous NaOH (10 mL). The product was extracted from the resulting
aqueous solution with CH2Cl2 (2 × 20 mL) and the combined organic layers were dried
over anhydrous Na2SO4, filtered, and evaporated to dryness under reduced pressure. The
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resulting crude product was purified with chromatography over silica gel (eluent: 10 vol% EtOAc in CH2Cl2) and recrystallized from hexanes to afford Syn-5.2 (0.320 g,
0.386 mmol) as a colorless solid in 49% yield over two steps.
Characterization data for Syn-5.2. 1H-NMR (500 MHz, CDCl3) δ 7.60 (s, 3H), 6.54 (s,
3H), 4.09 (t, J = 6.5 Hz, 6H), 3.84 (s, 9H), 3.80 (s, 9H), 1.87 (dq, J = 8.7, 6.6 Hz, 6H), 1.67
(s, 9H), 1.63 – 1.53 (m, 6H), 1.00 (t, J = 7.4 Hz, 9H).13C-NMR (126 MHz, CDCl3) δ 166.3,
161.2, 160.4, 135.3, 135.2, 134.8, 122.7, 112.1, 97.0, 69.0, 55.7, 51.6, 31.5, 19.4, 18.8,
14.0. HRMS (ESI) calcd. for C48H61O12: m/z = 829.4163 [M + H]+; found: 829.4185.

Synthesis of Syn-S5.2. Syn-5.2 (0.320 g, 0.386 mmol) was dissolved in 30 ml of a 1:2 vol% THF/MeOH mixture in a 250 ml sealed heavy-wall glass reaction vessel. The reaction
mixture was degassed with argon and hydrazine monohydrate (1.6 ml) was added. After
heating to 60 °C for 48 hrs, most of the solvent was evaporated under reduced pressure
under a N2 atmosphere. The resulting solid was filtered, washed with water (3 × 10 ml),
and dried in vacuo to afford Syn-S5.2 (0.256 g, 0.308 mmol) as a colorless solid in 80%
yield.
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Characterization data for Syn-S5.2. 1H-NMR (500 MHz, CDCl3) δ 8.83 (s, 3H), 7.93 (s,
3H), 6.52 (s, 3H), 4.16 (t, J = 6.6 Hz, 6H), 3.77 (s, 9H), 1.90 (dq, J = 8.8, 6.6 Hz, 6H), 1.66
(s, 9H), 1.58 – 1.51 (m, 6H), 1.02 (t, J = 7.4 Hz, 9H).13C-NMR (126 MHz, CDCl3) δ 166.7,
160.4, 157.5, 135.1, 135.0, 134.6, 124.0, 112.8, 96.2, 69.1, 55.9, 31.3, 19.5, 18.8, 13.9.
HRMS (ESI) calcd. for C45H61N6O9: m/z = 829.4500 [M + H]+; found: 829.4492.

Synthesis of Syn-5.1. Syn-S5.2 (0.079 g, 0.096 mmol) was dissolved in anhydrous CH2Cl2
(10 mL) in a 50 mL round-bottomed flask. The solution was degassed with argon and
terephthalaldehyde (1.430 mmol, 0.192 g) was added. Next, HPLC grade TFA (19 µL,
0.096 mmol) was pipetted into the reaction mixture, which was stirred at room temperature
for 2 days. Afterwards, the acid was neutralized with saturated sodium bicarbonate solution
and the aqueous layer was extracted with CH2Cl2. The combined organic extracts were
washed with brine, dried over anhydrous Na2SO4, filtered, and concentrated under reduced
pressure. The crude product was purified by size exclusion chromatography over
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polystyrene beads (200–400 mesh) with CH2Cl2 as the eluent to afford syn-5.1 (0.096 g,
0.081 mmol) as a yellow solid in 85% yield.
Characterization data for Syn-5.1. 1H-NMR (500 MHz, CD2Cl2) δ 11.14 (s, 3H), 10.02
(s, 3H), 8.23 (s, 3H), 8.00 – 7.88 (m, 15H), 6.64 (s, 3H), 4.31 (t, J = 6.5 Hz, 6H), 3.92 (s,
9H), 2.08 – 1.96 (m, 6H), 1.71 – 1.61 (m, 15H), 1.09 (t, J = 7.4 Hz, 9H). 13C-NMR (126
MHz, CD2Cl2) δ 192.1, 162.3, 161.5, 158.2, 145.2, 140.6, 137.6, 135.9, 135.5, 135.2,
130.4, 128.3, 124.5, 113.1, 96.2, 70.0, 56.3, 31.9, 20.0, 19.0, 14.1. HRMS (ESI) calcd. for
C69H73N6O12: m/z = 1177.5286 [M + H]+; found: 1177.5309.

Synthesis of Syn-5.3. To a solution of syn-5.2 (84.3 mg, 0.101 mmol) in 2.5 ml MeOH,
ethylenediamine (0.25 ml) was added. The mixture was heated at 50°C and the progress of
the reaction was followed by 1H-NMR. After heating for 4 days, the excess of
ethylenediamine was evaporated over anhydrous N2 atmosphere to obtain intermediate syn5.3 as a yellow oil which was used without further purification in the next step.
Next step consists of two parts:
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Part 1: In a sealed vial, S5.3 (221.17 mg, 0.5234 mmol) was heated at 55°C in neat SOCl2
for 5 hrs. Next, excess SOCl2 was evaporated over anhydrous N2 while heating to obtain
S5.3Cl as a brown oil.
Part 2: In a 50 ml flask, to a solution of syn-5.3 in anhydrous CH2Cl2 (6 ml) was added
DMAP (64 mg, 0.523 mmol) and the resulting mixture was stirred under an argon
atmosphere at 0 °C for 30 minutes. Next, a solution of S5.3Cl (82.86 mg, 0.359 mmol) in
anhydrous CH2Cl2 (10 ml) was added slowly at 0 °C and the reaction mixture was stirred
overnight at room temperature. The solution was next quenched with a 10 % aqueous HCl
solution (2ml), extracted with CH2Cl2, and the combined organic phases were washed with
brine (3 x 5 mL), dried over anhydrous Na2SO4, filtered, and evaporated to dryness under
reduced pressure to yield Syn-5.4 as a crude yellow oil. The product was purified with
chromatography over silica gel (eluent: 10 vol-% MeOH in CH2Cl2) in to afford syn-5.4
(121.0 mg, 0.0569 mmol) as a white solid in 55% yield.
Characterization data for syn-5.4: 1H-NMR (500 MHz, Chloroform-d) δ 8.10 (t, J = 6.0
Hz, 3H), 7.88 (s, 3H), 7.17 – 7.01 (m, 12H), 6.96 (d, J = 2.2 Hz, 3H), 6.85 (d, J = 8.3 Hz,
3H), 6.51 (s, 3H), 6.42 (t, J = 5.1 Hz, 3H), 6.01 – 5.85 (m, 6H), 5.10 – 4.98 (m, 12H), 4.15
(t, J = 6.5 Hz, 6H), 3.84 (t, J = 6.6 Hz, 6H), 3.78 (s, 9H), 3.56 – 3.28 (m, 24H), 2.57 (t, J =
7.1 Hz, 6H), 2.33 (t, J = 7.1 Hz, 6H), 1.87 (m, J = 6.9 Hz, 6H), 1.65 (s, 9H), 1.53 (dq, J =
18.6, 7.2 Hz, 12H), 1.31 – 1.23 (m, 6H), 1.01 (t, J = 7.4 Hz, 9H), 0.81 (t, J = 7.4 Hz, 9H).
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C-NMR (126 MHz, CDCl3) δ 171.5, 171.1, 166.5, 160.3, 157.6, 154.7, 146.6, 137.8,

137.3, 136.9, 135.1, 134.9, 134.5, 131.8, 131.7, 131.3, 131.2, 128.9, 128.2, 126.9, 123.8,
122.3, 115.9, 115.5, 113.8, 112.7, 96.2, 77.4, 77.1, 76.9, 68.9, 68.6, 55.8, 41.0, 39.6, 39.3,
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39.2, 31.2, 31.1, 30.8, 29.6, 19.4, 19.1, 18.8, 13.8, 13.8, 0.0. HRMS (ESI) calcd. for
C129H156N6O21: m/z = 709.3853 [M + H]+3; found: 709.3868.

Synthesis of Trimer: The next three steps toward the synthesis of the Trimer are
analogous to the non-templated synthesis of the dimers as described earlier. Similarly, the
purification with chromatography over silica gel was carried out after the hydrolysis step.
Step 1. In a 200 ml round bottom flask, syn-5.4 (55 mg, 0.02586 mmol) was dissolved in
150 ml anhydrous CH2Cl2. The solution was degassed with argon for 10 minutes followed
by addition of 12 mg (0.0141 mmol) Grubbs 2nd catalyst. The mixture was under argon for
another 10 minutes and then heated at 38 °C. After 38 hrs, 10 mg (0.0117 mmol) more
Grubbs 2nd catalyst was added and the temperature maintained the same for 48 hrs in total.
The solution was cooled down to room temperature and the Grubbs catalyst was quenched
with Ethylvinyl ether and the resulting brown solution was evaporated to dryness under
reduced pressure. The dark brown solid was used without further purification in the next
step.
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Step 2. In a 25 ml vial, the resulting crude product from step 1 was dissolved in anhydrous
THF (20 ml) and one-tip of spatula Raney nickel was added to the solution. The reaction
was stirred in a high pressure reaction chamber overnight at room temperature. Next, the
catalyst was filtered over celite and the solvent was evaporated under reduced pressure.
The reaction mixture was dissolved in CH2Cl2 and washed with brine (3 × 30 mL) to obtain
crude product as a brown oil.
Step 3. Lastly, MeOH (8 ml) was added to the crude product from step 2, followed by the
addition of K2CO3 (200 mg, 1.44 mmol). The reaction mixture was stirred at 50 °C for 24
hrs. After evaporation of MeOH under reduced pressure, 8 ml of a 1 N aqueous HCl
solution was added and the product was extracted from the aqueous layer using CH2Cl2
(2 × 10 mL). Next, the combined organic layers were dried over anhydrous MgSO4,
filtered, and the solvent was removed in vacuo. The product was purified with
chromatography over silica gel (eluent: 60 vol-% CH2Cl2 in Hexanes) in to afford Trimer
(20.3 mg, 0.0228 mmol) in 88% percent yield.

Characterization data for Trimer. 1H-NMR (500 MHz, Chloroform-d) δ 7.20 – 7.06 (m,
12H), 6.95 (dd, J = 8.5, 6.3 Hz, 6H), 6.78 (d, J = 3.0 Hz, 3H), 4.02 (t, J = 6.6 Hz, 6H), 2.68
– 2.60 (m, 12H), 1.71 (p, J = 6.4 Hz, 18H), 1.38 (h, J = 7.5 Hz, 6H), 0.88 (t, J = 7.4 Hz,
9H). 13C-NMR (126 MHz, CDCl3) δ 153.0, 152.2, 137.0, 136.8, 135.2, 135.1, 132.7, 131.2,
129.0, 128.7, 128.3, 128.3, 126.7, 118.0, 113.7, 77.2, 70.1, 35.3, 31.9, 31.3, 31.1, 29.9,
19.2, 13.9. HRMS (ESI) calcd. for C66H72O6: m/z = 911.5227 [M + Na]+; found: 911.5236.
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Replication of dimers
The replication of the dimers follows the same synthetic pathway as the synthesis of the
Trimer. Instead of applying a concave shaped template, we are using the dimers as the
template. Similarly, the purification with chromatography over silica gel was carried out
after the hydrolysis step.

Synthesis of 5.6:
Step 1. In a sealed vial, a solution of S5.3 (52 mg, 8.7 x 10 -5 mol) in 1ml SOCl2 was heated
at 58 °C for 5 hrs. The reaction was then subjected to a stream of dry N2 at the same
temperature to remove the SOCl2. The crude product was used without further purification
for the coupling.
Step 2. In a separate flask, to a solution of asym-Dimer (92.6 mg, 0.00022 mol) in
anhydrous CH2Cl2 (30 ml) was added DMAP (42.8 mg, 0.00035 mol) and the resulting
mixture was stirred under an argon atmosphere at 0 °C for 30 minutes. Next, the solution
from step 1 in anhydrous CH2Cl2 (25 ml) was added slowly at 0 °C and the solution was
stirred for 2 days at room temperature. The reaction mixture was quenched with a 10 %
aqueous HCl solution (3 ml), extracted with CH2Cl2, and the combined organic phases
were washed with brine (3 x 5 mL), dried over anhydrous Na2SO4, filtered, and evaporated
127

to dryness under reduced pressure to yield crude. The product was purified with
chromatography over silica gel (eluent: 10 vol-% EtOAc in CH2Cl2) to afford 5.6 in 72%
percent yield.
The presence of product was confirmed via LCMS, but the 1H-NMR looked messy (See
the appendix for 1H-NMR) due to the presence of many conformational isomers so no 13CNMR was obtained at this step.
Characterization data for 5.6: 1H-NMR (500 MHz, Chloroform-d) δ 7.25 – 6.80 (m,
24H), 6.12 – 5.72 (m, 4H), 5.25 – 4.89 (m, 8H), 3.82 (m, 6.2 Hz, 8H), 3.36 (dd, J = 52.2,
6.7 Hz, 8H), 3.00 – 2.20 (m, 16H), 1.84 – 1.39 (m, 16H), 1.36 – 1.15 (m, 8H), 0.99 – 0.67
(m, 12H). LCMS (ESI) for C92H104O12: m/z for [M + Na]+ = 1424.8.
The subsequent steps including ring closing metathesis, hydrogenation and hydrolysis have
been carried out following the same procedure as the non-templated synthesis of the
dimers. Lastly, the product was purified over silica gel (eluent: 10 vol-% EtOAc in CH2Cl2)
to afford the product mixture in 126.5% yield out of 200% in total.
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